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Abstract:  
The Autism Susceptibility Candidate 2 (AUTS2) gene is a critical neuronal gene that is 
involved in several related developmental pathways, including regulation of neurite outgrowth 
and neuronal migration, and transcriptional activation of neuronally active genes. Disruption of 
AUTS2 has been implicated in a wide variety of neurological and neurodevelopmental disorders, 
including autism, epilepsy, cognitive impairment, and Attention Deficit Hyperactive Disorder 
(ADHD). Additionally, single nucleotide polymorphisms (SNPs) in the AUTS2 locus are 
associated with psychiatric disorders, including schizophrenia, bipolar disorder, and depression, 
as well as addiction-related behaviors and dyslexia.  
In order to better understand the connections between AUTS2 and neurological disease, 
we utilized a reciprocal translocation mutation, called 16Gso, which disrupts mouse chromosome 
5 around 60kb downstream of the Auts2 locus and results in the down-regulation of the full-
length Auts2 isoform in adult mouse brain. 16Gso animals display a suite of behaviors that 
closely mimic those seen in humans with AUTS2 mutations, as well as those found in AUTS2-
related syndromes, including craniofacial abnormalities, seizures, repetitive behaviors, and 
changes in alcohol preference. In addition, 16Gso mutants show reduced activity, as well as an 
inability to regulate movement in stressful novel environments such as the elevated plus maze, 
but have normal patterns of movement in their home environment, suggesting movement 
abnormalities are triggered by stress or novelty. 
In addition, 16Gso mutants show cellular defects in the hippocampal dentate gyrus and 
cerebellar Purkinje cells, two cell populations with pathological changes in a number of AUTS2-
related neurological conditions. Specifically, 16Gso animals have reduced numbers of Purkinje 
cells, and remaining cells have abnormal dendrites and are abnormally aligned. In the dentate 
gyrus, granule cells no longer express Auts2, and remaining cells have abnormal dendritic 
projections and fail to express markers of maturity. Our evidence suggests that without proper 
Auts2 expression, cells in the cerebellum and hippocampus retain an immature phenotype and 
fail to develop normal neurites. These studies present the first evidence connecting cellular 
phenotypes in Auts2-deficient animals to phenotypes that parallel those seen in humans with 
AUTS2 mutations. 
The AUTS2 gene is large, with several alternative promoters and splicing variants, and 
sequence analysis suggests the different gene isoforms may have varying functions in the brain. 
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Based on this information, as well as functional studies implicating the cytoplasmic mouse Auts2 
protein in neurite regulation pathways, we hypothesized that the various Auts2 isoforms may be 
differentially expressed in neurodevelopment and neurodifferentiation. To test this hypothesis, 
we conducted a full expression profile of the dominant Auts2 isoforms in the developing mouse 
brain. We identified varying tissue- and time point-specific expression patterns among the 
isoforms, with significant differences in level of expression, regional and subcellular 
localization. These data suggest that the Auts2 isoforms are differentially regulated during 
neurodevelopment, and that the full-length isoform carries particular importance in late 
developmental processes and adult brain function.  
The studies presented here offer the first comprehensive expression analysis of the 
individual Auts2 isoforms, as well as the opportunity to connect Auts2 dysregulation to region-
specific neuronal phenotypes in an animal model that mimics AUTS2-associated behaviors. Our 
data advance the understanding of the nuances of Auts2 isoform expression, and provide a model 
to better understand the role of Auts2 in neuronal disease. 
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Introduction:  
 The human brain undergoes a remarkable and complex series of developmental steps to 
develop from a thin layer of cells into the multidimensional, multifaceted organ that controls 
every aspect of our lives, from rudimentary reflexes to complex thought and emotion. This 
developmental evolution is controlled by an intricate network of genes and environmental 
factors, and even minor perturbations in this network can lead to neurodevelopmental disorders, 
or prime the brain for neurological disease in adult life. This thesis attempts to solve one small 
piece of the developmental puzzle by elucidating the function of a critical neurodevelopmental 
gene, AUTS2. What cellular aspects of neurodevelopment are controlled by AUTS2, and how do 
disruptions in these steps lead to abnormal behaviors? What roles do the individual isoforms of 
AUTS2 play in normal and abnormal neurodevelopment? What regional brain abnormalities are 
responsible for the abnormal behaviors that result from AUTS2 mutations? By answering these 




AUTS2 in human disease 
Since its identification in 2002, AUTS2 has emerged as a critical gene for a wide array of 
neurodevelopmental disorders and neurological abnormalities. AUTS2 was originally identified 
in a pair of twins with a reciprocal translocation in the AUTS2 locus who presented with what is 
now called “AUTS2 syndrome,” a combination of autism, epilepsy, intellectual disability (ID), 
and craniofacial abnormalities1.  Since this initial study, over sixty additional patients with 
AUTS2 mutations have been identified; most present with some combination of the four 
phenotypes included in AUTS2 syndrome, with a penetrance of around 95%2-4. Across these 
cases, there is high variability in severity of phenotype as well as presence or absence of each 
feature, but many recurrent phenotypes emerge. In addition to the core phenotypes of autism, ID, 
and facial dysmorphia, microcephaly, short stature, feeding difficulties, hypotonia, and cerebral 
palsy occur with high frequency2. Analysis of the location of exonic AUTS2 mutations 
demonstrated a critical role for sequences encoding the c-terminus of the protein in the 
development of dysmorphic facial features, as well as an overall more severe neurocognitive 
phenotype, as compared to mutations affecting the n-terminus2.  
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Sequence analysis of the Auts2 gene revealed the presence of several non-specific 
protein-protein binding domains (SH2 and SH3), as well as several nuclear localization 
sequences located near the N-terminus5. Five isoforms encoding distinct proteins have been 
annotated in human and/or mouse (Fig. 1.1), including a full-length transcript, referred to as T1, 
two small 5’ transcripts, T2 and T3, and two large 3’ transcripts, T4 and T5. All three major 
isoforms, T1, T4, and T5 contain the critical C-terminus sequence associated with more severe 
human phenotypes, but T4 and T5 lack the nuclear localization sequences found in the most 5’ 
exons, and may play a distinct functional role in neurodevelopment. This thesis will present 
evidence that the Auts2 isoforms are differentially expressed and differentially regulated during 
mouse development (Chapter 4), supporting the hypothesis that these isoforms have distinct 
functions in the mouse brain.  
 Of the more than sixty mutations identified in the human AUTS2 locus, there are a 
significant number of chromosome translocations and inversions, most occurring near the N-
terminus and expected to disrupt T1 but not T4 or T51,6-8. Interestingly, a large number of human 
phenotype-inducing AUTS2 mutations are copy number variations (CNVs)2, and CNVs are found 
at a disproportionately high rate in the AUTS2 locus after stress induction in mouse embryonic 
stem cells and human fibroblasts, suggesting AUTS2 may lie in a syntenically conserved hotspot 
for genomic rearrangements and CNVs9.  
 In addition to their role in AUTS2 syndrome, AUTS2 CNVs have been associated with a 
number of other neurodevelopmental syndromes, including nonspecific developmental 
disability10,11, dyslexia11, attention deficit hyperactivity disorder (ADHD)12, epilepsy13, and 
developmental delay14. The AUTS2 locus has also been associated with adult-onset neurological 
phenotypes such as schizophrenia15, suicidality16, and alcohol consumption17. In particular, a 
single nucleotide polymorphism (SNP) located in an intronic region of AUTS2 has been 
associated with a number of addiction-related behaviors, including heroin dependence18,19 and 
alcohol consumption20, as well as an increased likelihood of committing suicide while under the 
influence of alcohol21. Taken together, these studies indicate a remarkably broad and 
consequential role for the AUTS2 gene during neurodevelopment.  
 
The AUTS2 Locus 
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 AUTS2 is located on chromosome (chr) 7 in humans and contains 19 exons spanning 1.2 
Mb that code for a 1259 amino acid protein. Sequence analysis indicates that AUTS2 and its 
surrounding genes are highly conserved in vertebrate genomes, creating a common genetic 
landscape that includes two other neurodevelopmental genes, Caln1, and Wbscr17. Wbscr17 is 
one of approximately 28 genes deleted in Williams-Beuren syndrome (WBS), which is 
characterized by aortic stenosis, mental retardation, and dysmorphic facial features 22; although 
Wbscr17 has been shown to play a role in lamellipodia formation and membrane trafficking 23, it 
has not been associated with any specific WBS phenotypes. Caln1 is a calcium binding protein 
that holds potential importance for neuronal physiology and learning and memory24,25. The 
spatial relationships among Auts2, Wbscr17 and Caln1 are conserved between mice and humans. 
A number of other highly conserved genes that flank these three genes have also been implicated 
in neurological syndromes, but their syntenic arrangement relative to the Auts2 cluster is not 
conserved between humans and mice.  
 
Function and Regulation of Auts2 
 Early expression analysis of the Auts2 gene in mice has demonstrated that the mRNA 
appears in a time- and region-specific manner during development, with low expression during 
early neurogenesis, peak expression during mid- and late neurodevelopment, and low, cell-
specific expression in adulthood5. Several regions, including cortex, hippocampus, cerebellum, 
and thalamus, express Auts2 at high levels between embryonic day 12 and 18, with alterations in 
expression as regional specification occurs. In particular, Auts2 expression timing coincides with 
the ongoing stratification of cortical layers, and appears to be associated with newly 
differentiated neurons as they migrate to their final cortical location. Expression drops as neurons 
mature, and in adult brain, Auts2 expression is confined to a few cell types, including the 
Purkinje cells of the cerebellum and the granule cells of the hippocampus. 
 Interestingly, recent studies suggest that the Auts2 isoforms may be differentially 
expressed during development. Western blot analysis suggested that proteins derived from 
isoforms originating from the 3’-most alternative promoters, T4 and T5, are present primarily 
during prenatal stages, whereas the full-length isoform, T1, appears to be present prenatally and 
postnatally26.  
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Several lines of data have suggested that in the nucleus, mouse Auts2 protein functions as a 
transcriptional regulator.  In order to elucidate the regulatory role of this protein in 
neurodevelopment, Oksenberg and colleagues used chromatin immunoprecipitation followed by 
high-throughput sequencing (ChIP-seq) and gene expression analysis by direct sequencing of 
cDNA (RNA-seq) to examine the gene regulatory networks controlled by and associated with 
Auts2 protein in mouse forebrain27. These studies demonstrated that the presence of Auts2 at 
promoters correlates with transcriptional activation, suggesting that Auts2 may function as a 
forebrain enhancer for genes involved in neurological disease and development. Additionally, 
Auts2 was found to localize to H3K27ac-marked genomic sites, indicating Auts2 may play a role 
in activating long-range enhancer elements. In both cases, Auts2 was found to localize to these 
sites without binding directly to DNA, suggesting it functions as a cofactor rather than a DNA-
binding protein. Further studies have shown that Auts2 catalyzes its enhancer activity through 
association with a polycomb repressive complex 1 (PRC1)28.  While canonical PRCs act as 
repressors, Auts2 forms a stable PRC1 complex and recruits P300, a transcriptional coactivator, 
to turn on gene expression29. Genes whose promoters show Auts2 binding are enriched for genes 
involved in neurological disease and development networks, including epilepsy, migration of 
neural progenitors, and polarization of neurons, as well as gene expression and cell cycle 
pathways, such as cell proliferation, transcription, and cell death27.  
 Additional information regarding Auts2 developmental function has been derived from a 
wide range of experimental model systems. For example, short hairpin-based (shRNA) 
knockdown of the zebrafish Auts2 gene led to microcephaly, reduced neuronal number, and 
movement abnormalities, and mutations in a distantly related homolog, tay bridge, have been 
linked to movement disorders and alcohol-related behaviors in Drosophila30,31. In addition, a 
recent publication highlighting phenotypes of two Auts2 mouse targeted mutations has allowed 
some insight into the cell-specific functions. This study showed that the cytoplasmic form of the 
Auts2 protein regulates neuronal migration by inducing lamellipodia formation in neuronal 
progenitors, potentially through positive regulation of Rac1, a G protein involved in cell growth, 
cytoskeletal organization, and protein kinase activation26. Cytoplasmic Auts2 localizes to the 
growth cone of the developing neuron, and shRNA knockdown of the full-length Auts2 isoform 
resulted in clear defects in neurite outgrowth, including decreased length and branch number of 
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axons and dendrites, as well as defects in neuronal migration26. These neuronal migration deficits 
were also seen in mice carrying a global knockout of all Auts2 major isoforms.  
While these shRNA knockdown studies and the corresponding Auts2 knockout mouse 
studies focused on the cytoplasmic function of Auts2, the disruption of the full-length isoform in 
these studies would also be expected to affect the nuclear functions of Auts2, discussed above. 
The direct effects of Auts2 reduction on gene expression and transcriptional activation were not 
examined as part of this study, and histological analysis of these animals was limited due to their 
early neonatal lethality. Gao and colleagues did report the detection of the full-length Auts2 
isoform in both the nucleus and cytoplasm, supporting a possible role for this isoform in gene 
activation, and it is possible that neurological deficits relating to loss of nuclear Auts2 do not 
present until after late embryogenesis, and so they were not obvious in late embryos. 
Additionally, loss of Auts2 nuclear function may contribute together with loss of cytoplasmic 
Auts2 function to the migrational deficits seen in knockout animals. For example, nuclear Auts2 
associates with the promoters of genes important for migration of progenitors and cell 
proliferation30, and so loss of cytoplasmic and nuclear Auts2 together may cause the neuronal 
migration deficits seen in Auts2 -/- animals.  Taken together, these results demonstrate that acting 
both as a nuclear regulatory protein and as a cytoplasmic protein associated with cytoskeleton, 
and probably exerting these divergent functions through the action of different protein isoforms, 
Auts2 is a key regulator of neuronal migration, and its proper expression is critical for normal 
neurodevelopment.   
 
Cis-regulation: 
Cis-regulation in Human Disease 
 The Auts2 gene is expressed in a dynamic, highly specialized pattern throughout 
development and adulthood, suggesting it is controlled by an involved network of regulators. 
RNA polymerase II-dependent transcription is mediated by trans-acting transcription factor 
complexes, which bind cis-acting regulatory sequences to promote or repress transcription. Cis-
regulatory elements include promoter elements, enhancers, repressors, insulators, and locus 
control regions, and these elements can be located intronically, close to a gene’s promoter, or 
large distances distal to the genes they regulate32. Dysregulation of cis-regulatory elements has 
been implicated in a wide array of human diseases, including holoprosencephaly, hemophilia, 
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and osteoporosis, and over 1500 cis-regulatory mutations in 700 disease-causing genes have 
been identified32. Some human mutations in cis-regulatory elements could potentially 
dysregulate AUTS2 expression as well, as suggested by the association of an intronic AUTS2 
SNP with a number of addiction related behaviors18-21. Consistent with the possible existence of 
an extended regulatory domain around this gene, Auts2 sits in a region of the genome measuring 
approximately 10 Mb that has been highly conserved in both sequence and structure between 
mouse and human evolution5. One explanation for the high level of conservation in this genomic 
region is the presence of unidentified cis-regulatory elements whose positions and activity are 
critical for proper Auts2 expression and normal development.  
 Chromosome translocations represent a common cause of human mutations as well as 
mutations in a number of animal populations33,34, and can also be induced in a laboratory setting, 
using a number of common mutagens. When animals are injected with mutagens that cause 
double stranded breaks in DNA, post-meiotic germline cells appear to preferentially repair their 
DNA using Non-Homologous End Joining (NHEJ) mechanisms 35. These mutations can be 
lethal, as cells are prone to minor local mutations such as short insertions and deletions during 
NHEJ, which may cause frameshift mutations or point mutations in key genes.  In the germ cells 
and the derived embryos that survive, mutations typically occur within introns or intergenic 
regions.  In the latter case, these mutations can disrupt long-range cis-regulatory architectures 
around nearby genes without any physical disruption in the gene loci per se35-37.  
Most surviving embryos from such mutagenesis events carry balanced reciprocal 
translocations, and the mutant animal thus carries two translocated chromosomes, each with a 
breakpoint site that may physically separate two sets of neighboring genes. This unique 
chromosomal structure offers a challenge to the analysis of reciprocal translocation mutants, but 
also offers the opportunity to identify and dissect the roles of unknown cis-regulatory elements 
acting on genes on either side of each breakpoint.  Over the years, the Stubbs group has worked 
with a large collection of mouse translocation mutants, and several of these have been used to 
provide valuable insights into the function and regulation of human disease-associated genes35-38. 
 
Translocation Mutants  
In the course of a large scale mutagenesis project led by Dr. Walderico Generoso at Oak 
Ridge National Laboratory (ORNL), a large number of mouse translocation mutants were 
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generated, each carrying a reciprocal translocation at a different locus39-41. One such mutant, 
1Gso, provides an example of the utility of this mutant population. 
The 1Gso mutation is a reciprocal translocation that disrupts the Pax6 locus36. Pax6 
encodes a transcription factor with key roles in the development of the pancreas, central nervous 
system, and eye. Gene expression is orchestrated by several alternative promoters and enhancer 
elements that are distributed over several hundred kilobases. The 1Gso mutation disrupts the 
integrity of the transcripts arising from the 5’-most promoter, and separates downstream 
promoters from enhancers active in pancreas and eye. Despite this fact, 1Gso animals exhibit 
none of the dominant Pax6 phenotypes, and the translocation complements recessive brain and 
craniofacial phenotypes. However, 1Gso fails to complement Pax6 recessive effects in lacrimal 
gland, conjunctiva, lens, and pancreas. The 1Gso animals also express a corneal phenotype that 
is related to but distinct from that expressed by Pax6 null mutants, and an abnormal density and 
organization of retinal ganglion cell axons; these phenotypes may be related to a modest 
upregulation of Pax6 expression from downstream promoters that we observed during 
development. Using the 1Gso mutation, we were able to map the activities of Pax6 alternative 
promoters, identify and map a novel promoter active in developing tissues, confirm the 
phenotypic consequences of upstream enhancer disruption, and limit the likely effects of the 5’-
most transcript null mutation to recessive abnormalities in the pancreas and specific structures of 
the eye. By isolating isoform-specific effects, as well as separating tissue-specific enhancers, the 
1Gso mutation offers a unique opportunity to further understand the regulatory landscape of this 
critical gene. 
The “Gso” family of translocation mutants (so named for their originator, Dr. Generoso) 
has offered other insights into cis-regulation and gene function. The 12Gso mutant, which carries 
a reciprocal translocation breaking 78 kb downstream of the Tbx18 gene, allowed the 
identification of a novel urogenital enhancer located near the translocation breakpoint site38. The 
14Gso mutant mouse carries a translocation in the Kcnq1 gene which causes the production of a 
truncated KCNQ1 protein, leading to chronic gastritis, hyperplasia, and metaplasia of the 
stomach37. The unique locations and structures of translocation mutants allow forward genetics 
to uncover regulatory mechanisms and gene function that would otherwise be extremely difficult 
to identify.  
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A large number of translocations and inversions have been identified in or near the 
human AUTS2 locus by other researchers2,6-8; consistent with CNV studies cited above, these 
data suggest that the AUTS2 locus is a hotspot of genomic rearrangements.  In the ORNL studies, 
only one Auts2-linked translocation mutant, called 16Gso, was identified. The 16Gso mutation 
falls approximately 60 kb downstream of the Auts2 gene, and despite this distance results in 
downregulation of the Auts2 gene and protein in mutant brains. In this thesis, I describe my use 
the 16Gso mutation to better understand the isoform-specific functions of the Auts2 proteins, and 
the role of Auts2 in neurodevelopment. 
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Figure 1.1. Snapshot from the UCSC Genome Browser showing the Auts2 gene. Auts2 isoforms 
are labeled as T1, T2, T3, T4, and T5, respectively. Black arrowheads point to exons that encode 
nuclear localization signals in isoforms T1, T2, and T3; an asterisk marks the location of the 
antibody epitope shared by major isoforms T1, T4, and T5. 
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Abstract: 
 The Autism Susceptibility Candidate 2 (AUTS2) gene has been implicated in a wide 
variety of neurodevelopmental and psychological disorders, including epilepsy, autism, and 
intellectual disability, and addiction-related behaviors, such as alcohol drinking and heroin 
addiction. The cellular functions of Auts2 are not well understood, but recent studies 
demonstrate that the cytoplasmic Auts2 regulates neurite outgrowth and cell migration via the 
Rho family of small G-protein signaling molecules. Additionally, nuclear Auts2 has been shown 
to act as a transcriptional activator as part of a PRC1 complex, recruiting p300 to turn on 
neuronally active genes.  Interplay between the various Auts2 protein types, which are generated 
from a complex locus via several distinct promoters and alternative splicing, most likely 
contributes to the etiology of different types of neurological disease. Here we describe a novel 
reciprocal translocation, called 16Gso, which disrupts noncoding sequences downstream of the 
mouse Auts2 gene, resulting in reduced Auts2 expression in a cell type-, brain region-, 
developmental time-, and isoform-specific manner. Animals homozygous for the 16Gso 
mutation display a suite of behaviors highly analogous to those seen in humans with AUTS2 
mutations, including seizures, abnormal exploratory behavior and response to novelty, 
craniofacial abnormalities, and abnormal alcohol consumption. 16Gso animals also present with 
a loss of cell populations in the cerebellum and hippocampus, two regions closely tied to autism, 
epilepsy, and neuropsychiatric disorder pathology. Interestingly, the 16Gso mouse models 
human AUTS2 symptoms more accurately than recently published targeted “knockout” models, 
despite the fact that the 16Gso mutation selectively affects the full-length Auts2 isoform in 
specific brain regions in adult animals, leaving other Auts2 isoforms intact. Our investigation 
presents strong evidence that this selective Auts2 loss-of-function is responsible for the 16Gso 
phenotypes, and points to key brain regions and cellular phenotypes that may be critical to the 
etiology of several aspects of human AUTS2-linked disease.    
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Introduction:  
 The Autism Susceptibility Candidate 2 (AUTS2) gene was originally identified in a pair 
of twins with a reciprocal translocation in the AUTS2 locus who presented with what is now 
called “AUTS2 syndrome,” a combination of autism, epilepsy, intellectual disability (ID), and 
craniofacial abnormalities1. Since its identification in 2002, AUTS2 has emerged as a critical 
gene for a wide array of neurodevelopmental disorders and neurological abnormalities. In the 
subsequent years, over sixty additional people with AUTS2 mutations have been identified, most 
presenting with some combination of the four phenotypes included in AUTS2 syndrome2-4. As 
well, AUTS2 has been associated with a number of other neurological syndromes, including 
Attention Deficit Hyperactive Disorder (ADHD), dyslexia, and epilepsy5-7. In addition to 
developmental syndromes, microdeletions and single nucleotide polymorphisms (SNPs) in the 
AUTS2 locus have been associated with a wide range of mental disorders, such as 
schizophrenia8, bipolar disorder9, and depression10; along with addiction related behaviors such 
as alcohol drinking11,12 and heroin addiction13. Interestingly, there is high comorbidity between 
autism and other neurodevelopmental disorders, as well as autism and psychiatric disorders, 
suggesting there may be common causal mechanisms driving abnormal neurodevelopment in 
these patients14,15. Taken together, these studies suggest a broad and critical role for the AUTS2 
gene in neurodevelopment. 
 Recent studies have implicated Auts2 in varied neurodevelopmental pathways. Auts2 
proteins can be localized to both the nucleus and cytoplasm; cytoplasmic Auts2 localizes to 
growth cones in developing neurons, where it is associated with the cytoskeletal components16. 
At the growth cone, Auts2 acts as a regulator of the Rho family of small G-protein signaling 
molecules to control lamellipodia and filopodia formation. Auts2-deficient cells have increased 
numbers of filopodia and decreased lamellipodia, demonstrating a role for Auts2 in regulation of 
neuronal migration and dendrite formation. Auts2 achieves this regulation via activation of the 
Rac1 pathway and downregulation of Cdc42 in developing neurons. These results suggest Auts2 
may be important for fine-tuning the morphological changes associated with cell maturation and 
maintenance, including axon and dendrite elongation. Additionally, Auts2 is critical for 
appropriate migration of the developing neurons of the cerebral cortex, and Auts2-deficient mice 
show abnormal migration of cortical neurons during late embryogenesis, possibly due to aberrant 
neurite extension16.  
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 In addition to its role in regulation of neuritogenesis, Auts2 has been identified as a 
transcriptional activator of neuronally active genes 17. Nuclear Auts2 protein achieves this 
activation non-canonically, as a member of a Polycomb Repressive Complex 1 (PRC1), which 
typically acts as a transcription repressor. However, the association of Auts2 with PRC1 instead 
leads to gene activation via the recruitment of casein kinase 2 (CK2) and activation of p300, a 
known coactivator of transcription 17. These studies suggest two potentially discrete roles for 
Auts2 in neurodevelopment, perhaps carried out by encoding different proteins isoforms, 
depending on nuclear or cytoplasmic localization.  
 While these studies offer some insight into the potential role of Auts2 in 
neurodevelopment, they do not explain the connection between AUTS2 and human psychological 
and neurological disease. Several animal studies have attempted to further this understanding. 
Zebrafish with reduced Auts2 expression display several neuronal phenotypes, including 
microcephaly, reduced motor activity, and a reduction in the overall number of neurons18, 
suggesting Auts2 is important for neuronal survival in zebrafish.  
In the developing mouse brain, Auts2 is expressed at highest levels during late embryonic 
development, with expression levels peaking between embryonic day 14 (E14) and E1619. 
Throughout development, the gene is expressed in nearly every brain region at varying times, 
with highest expression in the frontal cortex, hippocampus, and cerebellum, and additional high 
expression levels in the developing thalamus, olfactory bulb, inferior colliculus, and substantia 
nigra. In adults, expression of Auts2 is maintained in a few cell types, including the Purkinje 
cells (PCs) of the cerebellum and the granule cells of the hippocampal dentate gyrus19, regions 
closely associated with autism pathology20,21.  
Global Auts2 knockout mice are neonatal lethal, but in late embryogenesis show 
abnormal neuronal migration and neurite extension deficits16. Mice with neuronal-specific 
knockdown of the long Auts2 isoform are viable, and display several neuronal phenotypes in 
young life, including abnormal vocalization and righting reflexes in pups17. However, no 
analysis of late developmental or adult phenotypes or brain pathology has been performed in 
Auts2 mutants. Thus, many questions remain to be answered before AUTS2 dysregulation can be 
connected concretely to human psychiatric and neurological disease. What brain regions are 
affected by human AUTS2 or mouse Auts2 dysregulation? What is the effect of decreased Auts2 
on specific cell populations? Which of these cell populations and effects are most critical to 
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development of specific AUTS2-related phenotypes and disorders? An animal model of Auts2 
disruption that recapitulates human phenotypes is an important first step toward answering these 
questions. 
Additionally, the structure of this complex locus and the different cellular locations and 
functions that have been identified for Auts2 proteins indicates that isoform-specific analysis will 
be important for understanding the function of Auts2 in neurodevelopment as well as its role in 
neurological disease. Six isoforms have been identified in mouse tissues: a full-length isoform, 
two short isoforms containing the first 3-5 exons, and three isoforms with alternate promoters 
which exclude the first 5-8 exons but contain the majority of the Auts2 coding sequence. Four of 
these six isoforms have also been identified in human tissues.  
 Analysis of AUTS2 mutations in humans suggests differential importance for the AUTS2 
isoforms in neurodevelopment. When AUTS2 mutations are separated into those which disrupt 
the gene’s highly conserved C-terminus and those which only affect the variable, rapidly 
evolving N-terminus, those affecting the C-terminus result in a consistently higher severity score 
when all phenotypes are taken into account2. This suggests the C-terminus, and the isoforms that 
contain its sequence, are more critical for neurodevelopment and brain function than the N-
terminus, and suggests a less significant role for the small isoforms that contain only exons 1-5.  
 While complete developmental and phenotypic profiles of the existing Auts2 knockout 
animals have not been published, preliminary work suggests variable phenotypes that may be 
due, in part, to differences in affected isoforms. Additionally, the excision of exon 8 of Auts2 via 
the Cre-lox system, a mutation which was expected to affect all known Auts2 isoforms, 
unexpectedly resulted in the knockdown of only the full-length isoform, and subsequent 
upregulation of a shorter isoform initiated downstream of exon 8, suggesting a complex, 
interconnected regulatory system controlling the Auts2 isoforms16.  
 In this work, we present the phenotypic and preliminary molecular characterization of a 
novel mouse mutation, T(5G2;8A1)GSO, henceforth referred to as “16Gso”, which dysregulates 
Auts2 expression during development and causes morphological, behavioral, and brain structural 
abnormalities that faithfully model many human AUTS2-linked phenotypes.  Interestingly, rather 
than creating a “knockout” or null allele, 16Gso is a regulatory mutation that disrupts expression 
of Auts2 isoforms in certain cell types and during particular times in development. Preliminary 
data support the hypothesis that, like other mutants in our collection22,23, 16Gso creates a “cis-
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ruption allele”24 that separates one or more Auts2 alternative promoters from essential 
enhancer(s).  
We present evidence the 16Gso mouse model recapitulates specific craniofacial and 
behavioral phenotypes seen in human AUTS2 patients very well, including craniofacial 
abnormalities, abnormal social and motor behaviors, abnormal alcohol drinking, and seizures. 
Additionally, we report the loss of critical neuronal populations in the hippocampus and 
cerebellum of 16Gso mutants during postnatal neurodevelopment; the loss of these neurons 
could well explain many aspects of the 16Gso phenotype, and similar neuronal abnormalities 
may underlie human AUTS2-linked symptoms as well. We also report dendritic abnormalities in 
the hippocampal and cerebellar PC projections, phenotypes that are likely due to disturbance of 
the critical role of Auts2 in neuritogenesis. Finally, we provide ample evidence that Auts2 LOF is 
a major contributor to the phenotypes we have identified in 16Gso mutant animals.  The 16Gso 
mutant has the potential to provide a direct connection between Auts2 disruption, changes in 
specific neuronal cell populations, and behavioral phenotypes common to the 16Gso mouse and 
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Results: 
Identification and Characterization of 16Gso Mutants 
The 16Gso mutation arose in a large-scale mouse mutagenesis study25in the offspring of a 
bis-acrylamide treated male, a treatment which generates reciprocal translocations in the 
germline cells at high frequencies26. The founder male and its offspring were selected based on 
breeding tests, which identified translocation carriers based on small litter sizes due to semi-
sterility. Karyotype analysis of Giemsa-stained metaphase chromosomes showed that the 16Gso 
mutants carry a reciprocal translocation affecting chromosome 5 (chr5) band G2 and 
chromosome 8 (chr8) band A1. When heterozygous carriers were bred to homozygosity, 
neurological and developmental phenotypes were revealed. 
In the following discussion, the term “16Gso”, as in “16Gso mice”, will be used to refer 
to homozygous mutants unless otherwise specified.  16Gso mice are born at slightly reduced 
rates than expected, although most live and survive to adulthood, with slightly increased rates of 
early lethality throughout the lifespan. 16Gso mutants display reduced fertility, with young 
animals producing one to two small litters at most, while heterozygotes are able to produce litters 
regularly throughout a normal fertile lifespan. Mutants are grossly abnormal in appearance and 
behavior. In particular, 16Gso mice display distinct craniofacial abnormalities, with a shortened 
skull length due to a reduced distance between the tip of the nose and the base of the snout (Fig. 
2.1). 16Gso animals also display abnormal movement patterns in response to handling, 
remaining immobile for minutes at a time, or displaying short, jerky movements. In their home 
cage, 16Gso animals often display repetitive grooming behaviors, and when animals are singly 
housed or females are housed with their pups, 16Gso mutants build nests that are small and 
shallow as compared to heterozygote and wild-type (WT) mice. Additionally, many 16Gso 
mutants develop seizures in young adulthood, which can be triggered by stressors such as 
handling and novel environments.  
Despite their abnormal response to handling, 16Gso mice display normal home cage 
behaviors, with no difference in overall movement or movement throughout the day as compared 
to WT animals (Fig. 2.2). The mutants can be observed grooming, nesting, and sleeping in pairs, 
and when provided with a running wheel, run for distances and speeds not significantly different 
than control animals (Fig. 2.3). 16Gso movement abnormalities instead appear to be triggered by 
novelty or stress. In the open field task, 16Gso mice show more variability in distance traveled in 
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a ten-minute period than WT animals, with 50% of animals tested showing a significant 
reduction in total distance traveled as compared to WT animals (Fig. 2.4A). However, when 
placed in a more stressful environment, the elevated plus maze, all 16Gso mutants tested 
displayed a reduced number of crosses between arms and an increased amount of time spent 
immobile, suggesting a stressful environment may trigger the inactivity we also observed in 
handling (Fig. 2.4B). Additionally, 16Gso mice fell from the maze 80% of the time they crossed 
into an open arm; no WT animals fell during the course of any trial (n=10 16Gso/16Gso animals, 
n=9 WT animals), suggesting 16Gso mutants may have a significantly decreased ability to 
regulate movement, at least under stressful conditions. 
Because of the association between an intronic AUTS2 single nucleotide polymorphism 
(SNP) and alcohol preference, as well as correlations between AUTS2 expression and alcohol 
preference in both humans and mice12, we also measured alcohol preference in 16Gso animals 
using the Drinking in the Dark paradigm27. We found a sex-specific effect of genotype on 
alcohol consumption; specifically, 16Gso male mice consumed significantly less alcohol by 
bodyweight than WT, heterozygote, or 16Gso female mice (Fig. 2.4C). While at this time, no 
other sex-specific phenotypes have been observed, this suggests there may be sex-specific 
changes in the brain regions related to alcohol consumption, such as the prefrontal cortex or the 
mesolimbic circuits28.  
 
Mapping and Sequencing the 16Gso Breakpoint 
To map the 16Gso translocation more precisely, former Stubbs group members used 
methods described in the past for other translocation mutants23,29.  Briefly, we selected bacterial 
artificial chromosome (BAC) clones at intervals surrounding the breakpoint regions in chr5 and 
chr8 to use as probes in fluorescent in situ hybridization (FISH) analysis. Two overlapping BAC 
clones from chr5, RP23-7A8 and RP23-283H6, and two overlapping BACs from chr8, RP24-
234K3 and RP24-234A5, each produced a dual set of “split” FISH signals in 16Gso 
chromosomes indicating that proximal and distal sequences of the BACs are separated onto 
different translocated chromosomes in 16Gso mice (not shown). This analysis narrowed the chr5 
breakpoint to a region of approximately 192kb where the two BAC inserts overlap (chr5: 
131813326-131944436 in NCBI build 37) and the chr8 breakpoint to a region of approximately 
131kb (chr8: 12244884-12437594 in NCBI build 37). This region on chr5 includes the nine 
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distal exons of Auts2, as well as downstream sequences, and on chr8 includes all Sox1 coding 
sequence, as well as predicted gene 5607 (Gm5607) in its entirety.  
 To isolate the breakpoint interval, we first used reverse transcript PCR (RT-PCR) to ask 
if intact Auts2 (accession number NM_177047.3) and Sox1 (NM_009233.3) transcripts were 
expressed from the 16Gso chromosome. We used RNA prepared from 16Gso homozygote 
(16Gso/16Gso) mouse brain to generate cDNA for RT-PCR experiments.  The results confirmed 
that intact Auts2 and Sox1 transcripts are expressed from the 16Gso chromosome, ruling out the 
possibility that either gene locus had been physically disrupted by the translocation. We then 
carried out deep paired-end Illumina DNA sequencing on DNA from the BAC-mapped 
breakpoint regions. Before sequencing we enriched for genomic DNA surrounding each 
breakpoint using hybrid-selection techniques, thereby achieving ~30-fold sequence coverage of 
these regions from each of two 16Gso/16Gso mutants and two WT littermates. We generated 
paired-end sequence reads and identified paired ends from mutant DNA samples that mapped 
across the breakpoint, with one end on chr5 and the other on chr8. Finally, we used RT-PCR to 
isolate and sequence trans-breakpoint DNA fragments and confirmed the location and structure 
of the translocation breakpoints.  
The sequence of the breakpoint junction fragments confirmed the fusion of chr5 and chr8 
sequences in 16Gso DNA (Fig. 2.5A). The 16Gso breakpoint is located about 70kb upstream of 
Sox1 on chr8; on chr5 it is situated between Wbscr17 and Auts2, about 72 kb upstream and 60 kb 
downstream of those genes, respectively (Fig. 2.5B, red arrow). The T(8;5) and T(5;8) 16Gso 
breakpoints are simple in structure, with small deletions at the breakpoint fusion sites. At the 
T(5;8) junction, the 16Gso allele has an 8bp deletion from chr5 and a 6bp deletion from chr8, 
resulting in chr5 and chr8 reference sequences which both terminate in the triplet GCT, which is 
represented only once in the mutant DNA (Fig. 2.5A). At the T(8;5) translocation breakpoint, 
reference sequences from both chromosomes terminate in a single C nucleotide which is present 
only once in the mutant DNA. These features are the classic signature of non-homologous end-
joining repair (NHEJ), which is also detected at all other germline translocation breakpoints we 
have sequenced22,23,29,30. Aside from these short deletions directly at the breakpoint site, we have 
seen no evidence of further rearrangement in extensive FISH, RT-PCR and genomic PCR 
experiments focused on either breakpoint region.  
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To genotype 16Gso animals, we used a forward primer situated upstream of the 
breakpoint on chr8 and a reverse primer located downstream of the breakpoint on chr5 to 
identify the mutant allele, resulting in amplification of chr8;5 on the translocated chromosome. 
Primers spanning the breakpoint site on chr8 were used to amplify the WT chr8. In over three 
years of breeding, all animals with the 16Gso phenotype genotyped as homozygotes (n>50 
adults). 
 
Sox1 Complementation Studies 
 The 16Gso translocation breakpoint is located about 70 kb upstream of Sox1 on chr8. 
Sox1, a member of the HMG box domain family of genes, is expressed in the brain during 
neurodevelopment, and studies suggest that along with its related genes it may play a role in 
neuronal migration and ventral subtype identity31. Homozygous Sox1 knockout (KO) mice 
exhibit eye abnormalities and develop seizures as juveniles, and the gene is essential to the 
maintenance of neural progenitors31,32, suggesting a potential role in the 16Gso phenotype. To 
test this potential role of Sox1, we obtained Sox1 KO animals (a kind gift from Dr. Vasso 
Episkopou, Hammersmith Hospital, London UK) and carried out complementation tests to 
examine the relationship between the two alleles.  
 First, we examined compound heterozygotes (16Gso/Sox1-) for the gross behavioral 
phenotypes seen in 16Gso homozygote animals, including freezing behavior, visible seizures, 
and abnormal motor activity in novel environments. None of these recessive phenotypes were 
seen in the compound mutants. We then measured skull and snout length in compound mutants, 
and determined 16Gso/Sox1- animals have a skull length not significantly different from WT or 
Sox1-/- animals (Fig. 2.6).   
To summarize, the compound heterozygotes (16Gso/Sox1-) display none of the recessive 
Sox1-/- or 16Gso craniofacial or neurological phenotypes. Additionally, we examined compound 
heterozygotes for the loss of cerebellar PCs seen in 16Gso mutants (described below) and found 
no change in cell numbers between WT and 16Gso/Sox1- mice (Fig. 2.7). Therefore, 16Gso and 
Sox1-/- alleles complement each other completely, and loss of Sox1 function does not explain any 
of the phenotypes we have seen in 16Gso mice. 
 
16Gso Gene Expression Analysis 
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 Initially, we examined all three genes adjacent to the chr5 and chr8 breakpoints, Sox1, 
Auts2, and Wbscr17, to identify possible expression differences for any of these genes in the 
16Gso brain. We examined whole adult brain in older animals (postnatal day 180, or P180), as 
well as dissected telencephalon (including cortex, hippocampus, and amygdala), diencephalon 
(including thalamus and hypothalamus), and cerebellum in young adults at P35. Using a primer 
set designed to detect Auts2 isoforms that include the critical C-terminal coding regions 
(transcripts T1, T4 and T5, Fig. 2.5B), we detected a 60-80% reduction in Auts2 gene expression 
in 16Gso P180 animals (Fig. 2.8A). In dissected brain, we saw reductions in Auts2 gene 
expression in both the telencephalon and cerebellum, but not in the diencephalon (Fig. 4B). In 
contrast, we saw no changes in Sox1 or Wbscr17 expression in P35 animals across any of the 
regions examined (Fig. 2.8C,D). These data suggested that reduced levels of Auts2 expression in 
these brain regions might be responsible for the 16Gso phenotype.  
 We then examined dissected young adult (P35) and adult (P120) brains to look for 
changes in expression of the individual Auts2 isoforms (Fig. 2.9). While our original quantitative 
RT-PCR (qRT-PCR) analysis only detected the primary Auts2 isoforms (T1, T4, and T5), we 
examined T2 and T3 as well to look for potential changes in these isoforms. The full-length 
isoform, T1, was expressed at higher levels than any of the other isoforms, and we observed 
reductions in T1 expression in the cerebellum of 16Gso animals, but not in diencephalon or 
cortex. We observed extremely low expression of T3, which made this isoform difficult to 
quantify, but there were no significant changes in expression of T3 in any brain region. 
Similarly, we detected no significant changes in expression of T2, T4, or T5 in cortex, 
diencephalon, or cerebellum. We additionally examined expression of all five isoforms in adult 
brain (P120), in regions known to express high levels of Auts2, including cortex, hippocampus, 
and cerebellum. Expression of T2, T3, T4, and T5 was extremely low, and difficult to quantify. 
Due to the low level of expression, we do not expect that changes in any of these isoforms would 
make a significant contribution in adult brains. We did, however, observe decreased T1 
expression in both the cerebellum and hippocampus, to approximately 50% of normal values. 
Based on this analysis, we believe T1, the full-length isoform, to be the isoform primarily 
responsible for the decreases in Auts2 expression detected in 16Gso adults.  
 
Auts2 Expression in 16Gso 
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 Based on the reduction in Auts2 expression in adult animals seen by qRT-PCR, we 
examined 16Gso brains by immunohistochemistry (IHC) to detect the location of reduced Auts2 
expression. We identified two regions with aberrant Auts2 staining. First, Auts2-expressing PCs 
were absent from the cerebellums of 16Gso mice (Fig. 2.10B). Published studies have shown 
that Auts2 is expressed in PC progenitors, and persists at high levels in mature PCs in adults19. 
Our IHC in WT cerebellum confirmed Auts2 protein expression in PC nuclei as well as in 
dendritic processes (Fig. 2.10A). The protein was also detected in the remaining PCs of 16Gso 
adult mutant mice. However, at this stage, there were significantly fewer Auts2-positive PCs in 
16Gso brains. 
 Additionally, we detected reduced Auts2 expression in 16Gso hippocampal dentate 
gyrus. Auts2 mRNA expression has also been detected in adult hippocampal granule cells, where 
it colocalizes with markers of immature, newly born granule neurons in the subgranular zone 
(SGZ) and granular zone (GZ)19. Again, we were able to confirm Auts2 protein expression in 
this cell population in WT mice (Fig. 2.11A-C), but this Auts2-expressing neuronal population 
was not detected in the adult 16Gso hippocampus (Fig. 2.11D-F). These abnormalities are the 
only clear defects we have detected in 16Gso adult brain thus far. Taken together with the 
striking similarities between the phenotypes of 16Gso mutants and those expressed by human 
AUTS2 patients, these results point to a central role for Auts2 in the 16Gso phenotype.  
 
16Gso Cerebellar Pathology 
 We further examined cerebellar morphology in 16Gso mice to determine whether PCs are 
reduced in number in mutant animals, or whether these cells are present but no longer expressing 
Auts2. To do this, we carried out cell counts based on cell morphology, size, and location, and 
determined that adult 16Gso animals have reduced numbers of PCs throughout the cerebellum, 
ranging from 52-58% of normal levels (Fig. 2.12). This finding was confirmed using an antibody 
to Calbindin, which is highly expressed in mature PCs33 (Fig. 2.13F). PCs remaining in the adult 
16Gso cerebellum were unevenly spaced, with clusters of cells adjacent to large areas of cell loss 
(Fig. 2.13F). Additionally, PCs in the 16Gso brain are unevenly aligned, unlike WT cells, which 
align in an even, single-cell layer between the granule layer and molecular layer (Fig. 2.13L). 
The adjacent granule layer was normal in thickness and cell morphology, suggesting this 
phenotype is specific to the Auts2-expressing PCs and does not represent a general cerebellar 
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phenotype (data not shown).  In contrast, and in support of the basic complementation studies 
described above, we also performed cell counts in 16Gso/Sox1- adult mutants, and found no 
decrease in PCs in these animals (Fig. 2.7). 
 We also examined the PC dendrites, which extend into the molecular layer in an 
elaborate network. 16Gso PCs have abnormally developed dendrites, as evidenced by staining 
with H&E, as well as antibodies to Map2 and GFAP. Map2 localizes to PC dendrites in a 
morphology-dependent manner34, and is typically present throughout the dendrite, with increased 
concentration at the distal end. 16Gso PC dendrites show fragmented, disrupted Map2 staining 
that is consistent in intensity throughout the molecular layer, suggesting abnormal dendritic 
morphology (Fig. 2.14D). Additionally, the radial glial processes of Bergmann glia, which form 
the scaffold for PC dendrites, also appear abnormal in the 16Gso cerebellum, showing a 
disrupted pattern of GFAP expression and lacking the continuous expression throughout the 
molecular layer that is seen in WT animals (Fig. 2.14C).  
 Additionally, we looked at numbers of PCs in the developing cerebellum, at postnatal 
days 7 (P7) and 14 (P14). While no difference in numbers of PCs is seen at P7 in 16Gso mutants, 
small reductions are seen in lateral sections of the P14 brain (Fig. 2.15), suggesting this reduction 
occurs late in cerebellar development, beginning around P14.  
 
16Gso Hippocampal Pathology 
 We also investigated the reduction in Auts2-expressing cells seen in the SGZ of the 
hippocampal dentate gyrus. Auts2 has been shown to colocalize with markers of immature 
neurons in the SGZ, including NeuroD, DCX, and calretinin, but does not colocalize with 
markers of dividing progenitor cells such as PCNA19, suggesting Auts2 may be upregulated in 
newborn granule neurons. To investigate how loss of Auts2 affects this cell population, we 
examined expression patterns of markers of immature and mature granule cell neurons. Although 
the 16Gso dentate gyrus is of normal thickness and cell number, granule cells show an increased 
expression of NeuN (Fig. 2.16B), a marker of postmitotic immature and mature neurons, along 
with decreased expression of Calbindin (Fig. 2.16D), which is present only in mature granule 
cells. Together, this suggests a decrease in the number of mature granule cells in the 
hippocampus, with a corresponding increase in immature cells. Additionally, we found decreased 
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expression of Ctip2, a regulator of granule cell differentiation35, in the SGZ and GZ of the 16Gso 
hippocampus (Fig. 2.16F).  
 Additionally, we examined hippocampal axon and dendrite formation using Map2, which 
binds to hippocampal projections in a structure-specific manner36. In WT dentate gyrus, the 
mossy fiber projections, which emerge from the granule cells of the dentate gyrus to synapse in 
the CA3 region37, stain positive for Map2 along their length (Fig. 2.17A-C). However, in 16Gso 
hippocampus, these projections show little to no Map2 staining, suggesting a reduced number of 
dendrites, or structural abnormalities in these dendrites (Fig. 2.17D-F).   
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Discussion:  
 These studies detail the behavioral, cellular, and neurological characterization of 16Gso, 
a newly discovered reciprocal translocation mutation occurring downstream of the Auts2 gene in 
an extended region of noncoding intergenic sequence. 16Gso is a relatively clean breakage-and-
reunion event, with only minor deletions at the site of the breakpoint, and yet results in the 
downregulation of the Auts2 gene. We conjecture that this downregulation occurs as the result of 
a “cis-ruption” event, by separating Auts2 from an unidentified putative regulatory enhancer 
located downstream of the gene. Long-range regulatory elements have been shown to be a 
critical component of gene regulatory networks38, and translocations that separate genes from 
distant control elements have been implicated in a number of varied human diseases, including 
the thalassaemias, aniridia, cataracts, glaucoma, speech-language disorder, neuropathy, and 
autism24. Our findings suggest that a currently unidentified long-range regulatory element is 
located on the distal side of the breakpoint, at least 60 kb from the 3’ end of the Auts2 gene. 
Auts2 resides within a conserved topographically associated domain (TAD) that also includes 
Wbscr17 and downstream neighbor, Caln139, and disruption of this conserved TAD could disrupt 
one or more of the clustered genes.  Given the high conservation of this TAD, new information 
regarding this putative downstream enhancer could offer valuable insight as to the regulation of 
human AUTS2; this downstream region, which has been excluded from enhancer searches in 
recent studies18, may also house mutations linked to as yet unexplained AUTS2-related 
phenotypes.   
 This study provides the first detailed adult behavioral characterization of a mouse with 
Auts2 disruption, along with the first evidence for recapitulation of several human phenotypes in 
a mouse model. Previous studies have shown interesting neurological phenotypes in Auts2 
deficient young postnatal animals, including deficient righting reflex and reduced ultrasonic 
vocalizations following maternal separation17, however, our study represents the first adult 
analysis. In addition, 16Gso is a unique mutation that may model the human condition more 
accurately than transgenic engineering could easily achieve. 16Gso animals display a number of 
phenotypes similar to those expressed in humans with AUTS2 mutations, which have not been 
recapitulated in any existing animals with targeted mutations.  These include craniofacial 
abnormalities similar to those seen in human patients, and a number of behaviors analogous to 
those seen in people with AUTS2 mutations or other cases of autism and its associated disorders. 
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For example, 16Gso adults display reduced exploratory behavior in novel environments, which is 
significantly more pronounced in stressful environments, along with a decreased ability to 
regulate motor behavior.  Motor impairment is a cardinal feature of autism, with up to 80% of 
children with autism displaying some motor coordination deficits40,41, and motor impairment is 
one of the earliest signs of an autistic phenotype42-44. Motor signs in autism may include 
impaired gait, balance, and coordination, motor learning deficits, and postural deficits, and some 
studies suggest that adults with autism are impaired in coordinating the relationship between 
their body and the environment45, which may be analogous to the observed performance of 
16Gso mutants in the elevated plus maze. As well, the decrease in exploratory behaviors seen in 
16Gso animals in novel environments may indicate a decreased preference for novelty, a 
decreased exploratory drive, or an increased sensitivity to stressful environments, all phenotypes 
reported in humans with autism46; at present we cannot distinguish between these causative 
factors. 16Gso animals recapitulate a number of other behaviors common to humans with autism 
and existing animal models of autism, including repetitive behaviors and abnormal social 
behavior, including abnormal nesting.  
 The motor abnormalities seen in 16Gso mutants offer potential connections to other 
AUTS2-associated neurological disorders, including ADHD, bipolar disorder, and cognitive 
disability. Greater than fifty percent of children with ADHD display motor deficits, including 
difficulties regulating both fine and gross motor skills47. Fear regulation is abnormal in patients 
with bipolar disorder and depression48, and the abnormal response to increasingly stressful 
environments seen in 16Gso mutants may indicate an abnormally sensitive fear response. 
Additionally, motor impairment is a common comorbid finding in cases of general cognitive 
dysfunction, as well as epilepsy-associated cognitive impairment49,50. 
 Additionally, many 16Gso mice develop seizures during late adolescence or early 
adulthood, with severity ranging from mild, focal seizures, causing repetitive jerking of the 
forelimbs, to severe tonic-clonic seizures, resulting in full immobility and clonic movements of 
the entire body. Various epileptic syndromes, including infantile and juvenile epilepsy, have 
been reported in a number of human AUTS2 patients1,51,52, and copy number variations (CNVs) 
in the AUTS2 locus have been associated with idiopathic epilepsy51. In addition, there is very 
high comorbidity between autism and epilepsy, and evidence for a common neurological origin 
for both syndromes is strong53.  
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 Finally, male 16Gso mice recapitulate the changes in drinking behaviors associated with 
AUTS2 mutations, both in humans and other animal models. An ancient SNP in humans is 
associated with decreased alcohol consumption, as well as decreased AUTS2 expression in the 
prefrontal cortex11,54. In mouse strains with varying preference for alcohol, strains with decreased 
whole brain expression of AUTS2 showed decreased preference for alcohol, and Drosophila with 
reduced expression of Tay bridge, the Auts2 homolog, displayed decreased sensitivity to alcohol 
sedation12,55. Because sensitivity to alcohol is typically associated with increased consumption56, 
this finding in Drosophila may represent a neurological difference in the pathways governing 
alcohol response, consumption, and addiction between Drosophila and mammals. Additionally, 
Drosophila alcohol sensitivity studies are conducted with forced, involuntary consumption of 
alcohol, and, unlike mice, Drosophila do not drink to sedation voluntarily. Due to this difference 
in study design, it is possible that Tay bridge deficient flies may show decreased alcohol 
preference in addition to decreased sensitivity, but preference was not studied in this analysis.  
 This novel regulatory mutation offers an important complement to ongoing studies with 
targeted mutations of the Auts2 gene, as well as several unique opportunities.   Despite the fact 
that the 16Gso translocation only selectively ablates the expression of the full-length Auts2 
isoform and primarily in postnatal stages, homozygous mutants nevertheless faithfully, and with 
full genetic penetrance, recapitulate many of the essential phenotypes that have been attributed to 
the human gene.  This is in contrast to global knockout mutants, which die perinatally with 
significant cortical layering defects16, or animals carrying neuron-targeted conditional mutations 
in “long isoform” T1, which survive but exhibit significantly stunted growth and subtle 
behavioral abnormalities17.  Instead, 16Gso mice survive to adulthood and express key 
phenotypes – including the same sort of craniofacial abnormalities, susceptibility to seizures, and 
many behavioral features – that model those in human patients remarkably well.  As such, 16Gso 
offers a tool to identify the key neuronal populations, developmental time points, and cellular 
functions that underlie key symptoms of the human condition.  
We have identified two cell populations that are affected in 16Gso animals. First, 16Gso 
mutants display a stark loss of PCs in the cerebellum, to approximately 50% of normal levels in 
adult mice. While loss of PCs can occur in response to severe epilepsy in humans and guinea pig 
models57, because the loss of PCs in 16Gso mutants precedes the onset of visible seizures, it is 
unlikely to result from epileptic activity. This loss of PCs begins around P14, and our data 
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indicate that these cells are generated in normal numbers, migrate to their final location, but 
begin to die at a critical period in their differentiation.  Specifically, during this period, PCs 
begin to cull multiple primary neurites to choose a single surviving one, which will extend to the 
pial surface and differentiate into the mature morphology58. Because Auts2 is a regulator of 
neurite outgrowth, we hypothesize that the dysregulation of Auts2 in developing PCs results in 
the failure of cells to select, maintain and extend their primary dendrite, resulting in the inability 
to form appropriate synapses and the eventual death of these cells.  
Interestingly, the loss of PCs is the single most replicated finding in autopsy studies of 
humans with autism, with nearly all studied brains showing significant loss of this cell 
population59. Based on the number of supporting cells remaining in the other cerebellar layers, it 
appears that in autistic brains, these cells are born, migrate to their final location, and die 
sometime before birth. A number of cerebellar-associated phenotypes have been reported with 
high frequency in autistic patients, including deficits in gait and coordination of movement, 
atypical cerebellar-controlled gaze, and early motor impairment60-62. Additionally, evidence from 
animal models suggests loss of PCs may be responsible for the abnormal motor behaviors and 
social behaviors seen in 16Gso mice. For example, in a guinea pig strain with naturally occurring 
PC defects, social interactions, response to unfamiliar sounds, spatial exploration tendencies, and 
motor learning were all abnormal63. Finally, in mice with selective PC loss, nonspatial serial 
reversal learning, a measure of behavioral flexibility known to be impaired in autism, is 
impaired, and animals show an increase in repetitive behaviors64.  
 Cerebellar pathology has also been implicated in a number of other AUTS2-associated 
disorders, including schizophrenia, bipolar disorder, and dyslexia. While the cerebellum was 
long believed to be primarily involved in movement disorders, axonal tracing studies showed the 
cerebellum projects to the prefrontal and parietal cortices, regions involved in higher-level 
cognitive processing, and that fear conditioning induces long-term potentiation in cerebellar 
PCs65. This role in fear conditioning may explain the PC pathology found in psychiatric 
disorders; patients with schizophrenia and bipolar disorder show a 20% reduction in number of 
PCs66. Cerebellar impairment has also been implicated in dyslexia, and changes in the Purkinje 
and granule cell populations have been found in the brains of dyslexic patients67.  
We also report the loss of Auts2 expression in the adult hippocampal dentate gyrus, along 
with an increase in immature granule cells and decrease in mature cells. This loss is also 
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associated with abnormal Map2 staining in the mossy fiber projections that originate from the 
granule layer. The hippocampus has also been closely tied to the pathology of autism, epilepsy, 
and addiction. Humans with autism are deficient in hippocampal-dependent memory tasks as 
well as hippocampal-dependent emotional learning68. As well, the hippocampus is involved in 
addictive behavior and reward learning69, suggesting hippocampal abnormalities could be 
connected to alcohol drinking behavior abnormalities in 16Gso animals. The hippocampus is 
also likely to play a role in the development of seizures seen in 16Gso mice. Temporal lobe 
epilepsy is characterized by abnormally integrated hippocampal granule cells, which may form 
abnormal neurites and develop recurrent excitatory circuits that are believed to be 
epileptigenic70. Granule cell abnormalities have also been identified in autism and 
schizophrenia71-73, two disorders which are highly comorbid with epilepsy, as well as associated 
with AUTS2 mutations8,51. The granule cell abnormalities seen in 16Gso mice may be the source 
of epileptigenesis in these animals, and the development of these abnormalities coincides with 
the emergence of overt epileptic activity.  
 Additionally, hippocampal pathology is implicated in a number of AUTS2-associated 
psychiatric disorders. Abnormal hippocampal volume and activation is a central tenet of 
schizophrenia pathogenesis, and decreases in hippocampal volume are seen in patients at onset of 
their first schizophrenic episode, suggesting it may be a causal factor74. Hyperactivity of 
hippocampal circuits is seen at the onset of psychotic symptoms in schizophrenia75. Abnormal 
hippocampal volume has also been seen in associated mood disorders, such as depression and 
bipolar disorder. Decreased hippocampal volume, and specifically, granule cell layer volume, is 
seen in unmedicated depressive patients, and this phenotype is absent in patients treated with 
serotonin-selective reuptake inhibitors (SSRIs), suggesting the granule cell layer may be directly 
involved in depressive symptoms76-78. Adult hippocampal neurogenesis has also been implicated 
in depressive symptoms, and has been shown to contribute to antidepressant effectiveness79. 
Bipolar disorder, which has many similarities to unipolar depression, is characterized by 
emotional dysregulation and sensitivity to reward pathways, both pathways in which the 
hippocampus plays a significant role, and is associated with gray matter changes in this region 48. 
Finally, changes in hippocampal size and gray matter volume have been seen in the brains of 
patients with ADHD47.    
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Our studies offer the first connections between Auts2 dysregulation, cellular 
abnormalities, and neurological phenotypes that closely mirror those seen in humans with 
AUTS2 mutations. First, we present evidence that Auts2 expression is controlled by a long-range 
regulatory architecture critical for neuronal expression, with one or more putative critical 
enhancers located downstream of the chr5 breakpoint site. We show that disruption of this 
regulatory structure results in decreased expression of Auts2 in a time- and cell-specific manner, 
specifically affecting the full-length Auts2 isoform during late postnatal neurodevelopment. The 
disruption caused by the 16Gso mutation leads to cellular changes in the cerebellum and 
hippocampus. The loss of PCs occurs between migration and maturation of the primary dendrite, 
and is likely connected to Auts2’s role as a regulator of neurite outgrowth. This cellular loss may 
be responsible for the changes in motor control, exploratory behavior, and social behavior seen 
in 16Gso mutants. The loss of Auts2 expression in 16Gso hippocampal granule cells also occurs 
during late development, and results in an increase in neurons that fail to express markers of 
mature granule cells, suggesting an accumulation of immature neurons in the mutant mice. The 
changes in this cell population may be connected to the genesis of seizures in 16Gso animals, as 
well as changes in social behavior, exploratory behavior, and alcohol drinking.  
Taken together, these studies demonstrate that the 16Gso mouse faithfully recapitulates 
human AUTS2 phenotypes, and provide evidence for the involvement of the cerebellar PCs and 
hippocampal granule cells in these shared phenotypes. We detected no trace of developmental 
dysregulation of TAD neighbors, Wbscr17 or Caln1, but although our data point strongly to a 
commanding role for Auts2 in 16Gso phenotypes, we cannot currently rule out a subtle role for 
these genes. Now that global and isoform-specific knockout mutants have been 
described16,17future studies will focus on delineating the precise role of Auts2 in the16Gso 
phenotype using genetic complementation.  However, since many AUTS2 patients also carry 
genomic rearrangements that could affect the function of neighboring genes1,2,6,80,81 information 
regarding the possible influence of these neutrally expressed gene neighbors will also be highly 
significant. The current studies add to the groundwork upon which a full understanding of the 
function and significance of Auts2 in neurological disease may be understood.    
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Materials and Methods:  
Animals and Tissue Collection. The generation of 16Gso mice has been described 
previously25,82. The genotypes studied here were maintained on a C57BL/6 X C3H/He F1 
(B6C3) genetic background. Sox1-/- mice were obtained from Dr. Vasso Episkopou 
(Hammersmith Hospital, London UK) and maintained by breeding heterozygotes for more than 6 
generations. Additionally, Sox1-/- mice were tested on a hybrid background identical to the 
16Gso background by breeding heterozygotes to C57BL/6 x C3H/He F1 animals for more than 4 
generations. 16Gso/Sox1- mutants were generated by breeding 16Gso/+ animals to Sox1 -/+ 
animals. Animals were housed under standard conditions (12h light/dark cycle, group-housed). 
This study was carried out in strict accordance with the recommendations in the Guide for the 
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was 
approved by the Institutional Animal Care and Use Committee of the University of Illinois 
(Animal Assurance Number: A3118-01; approved IACUC protocol number 14010).  
Mouse Behavioral Tasks. All behavioral tasks were performed on adult animals between 
three and seven months of age, in the following order: home cage activity, wheel running, open 
field test, elevated plus maze, Drinking in the Dark. Home cage activity was monitored 
continually for 7 days, during which animals were singly housed, using overhead cameras under 
white or red light and Topscan software to track animal movement. Mice were provided with a 
running wheel for a subsequent 7 days, during which animals were singly housed, and total 
distance travelled was measured via the wheel’s internal counter. The open field task was carried 
out as follows: animals were placed at the center of a 3’ x 3’ clear plexiglass container with high 
walls and allowed to explore freely for 10 minutes. Animal movement was tracked using an 
overhead camera, and analysed using Topscan software. The elevated plus maze was carried out 
as follows:  animals were placed at the center of a plus-shaped maze, with two walled arms and 
two open arms, that is approximately two and a half feet in diameter and elevated approximately 
three feet off the ground. Animals were allowed to explore freely for ten minutes. If an animal 
fell from the maze during that ten-minute period, the time was paused, the animal was returned 
to the center of the maze, and the time was restarted. The trial was discontinued if any animal fell 
more than three times during the ten-minute period. 
Drinking in the Dark. Published methods for Drinking in the Dark were used27. In brief, 
three hours after the start of the dark cycle, water bottles were replaced with cylinders containing 
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20% ethanol.  Cylinders remained in place for 2 hours and fluid levels were recorded at the end 
of the trial. This was repeated on day 2 and day 3.  On day 4, this procedure was repeated, but 
cylinders remained in place for 4 hours, and fluid levels were recorded at 2 hours and 4 hours. At 
the end of 4 hours, cylinders were removed and water bottles were replaced.  
Skull Measurements. Mouse skulls were cleaned of skin and viscera, and the snout was 
measured from the distal tip to the anterior notch of the frontal process, lateral to the infraorbital 
fissure. Measurements were also taken from the distal tip of the snout to the bregma, the midline 
intersection of the frontal and parietal bones, and to the intersection of the interparietal bones and 
occipital bones at the base of the skull. 
Quantitative RT-PCR. RNA was prepared from snap frozen tissues and purified using 
Trizol (Invitrogen) extraction.  cDNA was then prepared using a total of 1ug RNA in a 20µl 
reaction with random primers and SuperScript III reverse transcriptase (Invitrogen).  qRT-PCR 
was then carried out using real-time primers designed for the specific Auts2 transcripts of interest 
(see Table 2.1), as well as commercial primers for the detection of whole Auts2, Sox1, and 
Wbscr17 expression (QuantiTect Primer Assays Mm_Auts2_1_SG, Mm_Sox1_2_SG, 
Mm_Wbscr17_1_SG, Qiagen).  Real-time primers were used for the detection of 18S ribosomal 
RNA (Rn18s) and Ywhaz as control primer sets, as well as commercial primers for 
hydroxymethylbilane synthase (QuantiTect Primer Assay Mm_Hmbs_1_SG, Qiagen).  Each 
reaction contained a total of 60ng cDNA, 1ul of each primer (at 10uM) and Power SYBR Green 
PCR Master Mix (Applied Biosystems, Inc.) in a final volume of 10ul.  Reactions were run on an 
ABI 7900 thermocycler for 40 cycles with an annealing temperature of 60°C.  qRT-PCR 
products were verified by gel. Expression values were normalized relative to the Rn18s, Ywhaz, 
and Hmbs control in each sample and compared using the method described by Livak and 
Schmittgen83.  
Tissue collection and histology. Isolated organs and embryos were fixed in fresh 4% 
paraformaldehyde and embedded in paraffin.  Tissues were cut into 5 µm sections using a Leica 
RM2155 microtome and Super Plus charged slides. Sagittal sections were stained with 
hematoxylin and eosin (H&E). Sections were taken from the midline, spaced at 600 micron 
intervals in adults, 300 micron intervals in P14 animals, and 200 micron intervals in P7 animals. 
PCs were counted by two independent researchers who were blinded to the genotypes of the 
animals, and who were trained to identify cells based on size and morphology.  
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Immunohistochemistry. Sagittal sections were stained with antibodies to Auts2 (1:200 
dilution, Sigma-Aldrich, HPA000390), GFAP (1:200; Abcam, ab7260), Calbindin (1:200, 
Sigma-Aldrich, C9849), MAP2 (1:500, Abcam, ab5392), Ctip2 (1:20-100, Abcam, ab18465) or 
NeuN (1:500, Abcam, ab104225) and results were imaged using an Olympus BX60 microscope.  
Images were captured using an Olympus CC-12 digital camera.   
For antibody staining, slides were first deparaffinized and rehydrated.  Sections were 
boiled in citrate buffer (10mM Citric Acid, 0.05% Tween 20, pH 6) for 20 minutes and treated 
with Proteinase K (5µg/mL) prior to staining.  Sections were blocked with a antibody diluent 
(2% goat serum, 1% BSA, 0.1% Triton-X, 0.05% Tween, 0.05% NaN3, 0.1% fish gelatin) for 30 
minutes at room temperature, then incubated overnight with antibody at 4°C. Alexa-Fluor goat 
anti-rabbit, anti-mouse, anti-rat, and anti-chicken (Molecular Probes, Invitrogen) were used as 
secondary antibody at a 1:200 dilution. Sections were costained with Hoescht 33342 nuclear 
stain (Life Technologies) and mounted using Vectashield Mounting Medium.   
In situ hybridization. Animals were perfused with fresh 4% paraformaldehyde under 
isoflurane anesthesia. Tissues were collected and embedded in paraffin. Tissues were cut into 5 
µm sections using a Leica RM2155 microtome and Super Plus charged slides. Probes were 
generated by RT-PCR from mouse embryonic cDNA samples using primer sets described in 
Table 2.1, and RT-PCR fragments were cloned into the pCRTM2.1-TOPO® vector (Invitrogen) 
and sequence-validated before being used for ISH. Validated probes were labelled with 
digoxygenin (DIG)-UTP according to manufacturer’s instructions (Roche DIG RNA Labelling 
Kit).  Slides were pretreated and hybridizations performed as previously described84. Sections 
were mounted using Vectashield Mounting Medium with DAPI. Fluorescent images were 
reviewed using an Olympus BX60 microscope and captured by an Olympus CC-12 digital 
camera. 
Fluorescent in situ hybridization chromosome analysis. Metaphase chromosome FISH 
was performed as previously described29. BACs from the RP23 and RP24 BAC library were 
used as template for FISH probes. The breakpoint region was narrowed by determining BACs 
that were above, below or split by the breakpoint region by co-hybridisation with a control BAC 
used to mark proximal regions of chr5 and chr8.   
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Fig. 2.1. Craniofacial abnormalities in 16Gso mice. A: 16Gso mutants display craniofacial 
abnormalities including “squinted” eyes and a broad, flattened nose and skull, as compared to 
WT mice (B). 16Gso mutant skulls (C) are shorter on average than those of WT mice (D), 0.57 
cm ± 0.08 cm in 16Gso mice and 0.78 cm ± 0.05cm in WT, but differ specifically in the distance 
from base to tip of the nose (yellow lines in C and D).  
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Figure 2.2. 16Gso/16Gso home cage activity levels are not significantly different from wildtype 
animals. There is a significant effect of genotype between 16Gso/16Gso and 16Gso/+ animals 
(p=0.0196). 
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Figure 2.3. 16Gso/16Gso animals display normal wheel-running activity compared to wildtype 
animals. No significant effect of genotype was seen between any groups.  
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Figure 2.4. 16Gso mutants display a suite of abnormal behaviors, including A: decreased 
exploratory behavior in the open field maze, a phenotype seen in 50% of mutants tested; B: 
decreased exploratory behavior in the elevated plus maze, a phenotype seen in 100% of mutants 
tested; and C: decreased alcohol drinking in 16Gso males (significant effect of sex and genotype 
on alcohol consumption between 16Gso/16Gso males and all other groups). 
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Figure 2.5. A: Sequence of the 16Gso translocation breakpoint, aligned to the WT chr5 and chr8. 
Deletions are shown in red. B: Snapshot from the UCSC Genome Browser showing the chr5 
16Gso breakpoint region.  Red arrow shows the position of the 16Gso breakpoint.  Auts2 
alternative promoters are marked with T1, T2, T3, T4, and T5. Black arrowheads point to exons 
that encode nuclear localization signals in isoform T1, T2, and T3; an asterisk marks the location 
of the antibody epitope shared by major isoforms T1, T4, and T5. 
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Figure 2.6. 16Gso/16Gso animals display a shortened snout (p=0.00018). 16Gso/Sox1- 
compound mutants do not display the shortened snout phenotype found in 16Gso/16Gso animals. 
Nose length is not significantly changed between wildtype, 16Gso/+, 16Gso/Sox1-, and Sox1 -/- 
animals.  
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Figure 2.7. 16Gso/Sox1- compound mutants have normal numbers of Purkinje cells compared to 
WT animals. Section 1 was taken at the midline, with sections 1, 2 and 3 each spaced 600 
microns apart, moving laterally. 
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Figure 2.8. A: qRT-PCR in whole adult brain showing reduction in Auts2 expression in 
16Gso/16Gso animals using a primer which picks up all three major isoforms (T1, T4, and T5). 
Three asterisks indicates a significant effect of genotype between WT and 16Gso/16Gso animals 
at the p<0.01 level. B: qRT-PCR in dissected P35 brain showing reductions in the telencephalon 
and cerebellum using the same primer. Asterisks indicate the significance level between WT and 
16Gso/16Gso animals in each tissue. C, D: No change is seen in Sox1 or Wbscr17 expression in 
dissected P35 brain. 
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Figure 2.9. qRT-PCR showing expression of all five Auts2 isoforms in dissected WT and 
16Gso/16Gso cortex, diencephalon, and cerebellum. T1 is reduced in expression in cerebellum. 
Additionally, expression of T1 is reduced in hippocampus and cerebellum of P120 animals. 
Asterisks indicate significance at p<0.10.  
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Figure 2.10. Immunohistochemistry from adult WT (A) and 16Gso/16Gso (B) cerebellum. Auts2 
shown in red, Hoescht nuclear stain in blue. Auts2 expression is absent from the Purkinje cell 
layer and the dendrites of the 16Gso cerebellum. 
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Figure 2.11. Immunohistochemistry in adult WT (A-C) and 16Gso/16Gso (D-F) hippocampus. 
Auts2 shown in red, Hoescht nuclear stain in blue. Area in the dashed box in panels A and D is 
shown in panels B-C and E-F, respectively. Auts2-expressing cells are present in the subgranular 
zone of the dentate gyrus, in the cell bodies and nuclei as well as processes (arrow). These cells 
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Figure 2.12. Counts of Purkinje cells in adult cerebellum of WT and 16Gso animals. Section 1 
was taken at the midline, with sections 1, 2 and 3 each spaced 600 microns apart, moving 
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Figure 2.13. Immunohistochemistry of WT and 16Gso/16Gso cerebellum at P7, P14, and P180, 
stained with Calbindin (green) and Hoescht nuclear stain (blue). No gross differences are seen at 
P7 (A, D, G, J). By P14, 16Gso brains show reductions in Purkinje cell number (E) but no 
changes in cell morphology (K). In adults, 16Gso brains show stark reductions in number of 
Purkinje cells (F). Surviving cells show abnormal alignment in the Purkinje cell layer (white line, 
L).  
  
	   58 
Figure 2.14. Immunohistochemistry of adult WT and 16Gso/16Gso cerebellum showing 
abnormal dendritic morphology with MAP2 (B, D), which stains dendritic processes, and GFAP 
(A, C), which stains radial glia processes.  
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Figure 2.15. Counts of Purkinje cells in P14 and P7 cerebellum of WT and 16Gso animals. 
Section 1 was taken at the midline, with sections 1, 2 and 3 each spaced 300 microns apart, at 
P14, and 200 microns apart at P7, moving laterally. 
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Figure 2.16. Immunohistochemistry from adult WT and 16Gso/16Gso hippocampal dentate 
gyrus. 16Gso dentate gyrus shows increased NeuN staining as compared to wildtype (A, B) 
along with decreased Calbindin (C, D) and Ctip 2 (E, F). Antibodies are shown in red, Hoescht 
nuclear stain is shown in blue.  
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Figure 2.17. Immunohistochemistry from adult WT and 16Gso/16Gso hippocampus. 16Gso 
dentate gyrus shows aberrant hippocampal processes (D-F) compared to wildtype animals (A-C). 
Boxed area in B and E is shown in C and F, respectively.  
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Table 2.1. Sequences of qRT-PCR primers used to detect each Auts2 isoform, as well as primers 
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Abstract: 
 Autism Susceptibility Candidate 2 (Auts2) is a gene associated with a number of 
neurological disorders, including autism, intellectual disability, and epilepsy, as well as 
addiction-related behaviors and mood disorders.  The Auts2 locus expresses six known transcript 
isoforms in mouse and four of these have also been identified in human, with high amino acid 
conservation between the mouse and human isoforms. Recently, Auts2 has been identified as a 
regulator of neuritogenesis and neuronal migration, and cytoplasmic versions of the protein have 
localized to the growth cone of developing neurons.  However the gene has also been implicated 
in neuronal activation, and nuclear isoforms of the protein have been shown to complex with a 
canonical transcription repressor complex to activate neuronally active genes. Taken together, 
these studies suggest a dual role for the Auts2 gene in neurodevelopment, perhaps with differing 
roles carried out by different Auts2 isoforms that differentially encode nuclear or cytoplasmic 
proteins. To better understand the role of the Auts2 isoforms during neurodevelopment, we 
examined expression patterns of the Auts2 isoforms individually using quantitative RT-PCR 
(qRT-PCR), RT-PCR, and in situ hybridization (ISH) in the developing mouse brain. We show 
that minor 5’ truncated isoforms, T2 and T3, are expressed at low levels in the developing brain 
compared to the other isoforms, suggesting a less substantial role in neurodevelopment and 
neurological disease. However, the full-length isoform (referred to here as T1) and the first of 
two 3’ isoforms (T4) are expressed at approximately equal levels during embryonic development 
in all areas of the brain. During postnatal development, expression patterns indicate an increased 
role for the isoform arising from the 3’-most promoter (T5) together with T1 in the cerebellum. 
At all ages, we show that T1 mRNA is sequestered primarily in the nucleus suggesting post-
transcriptional regulation of this transcript, whereas T4 and T5 mRNA are found in both nucleus 
and cytoplasm, suggesting differential regulation for the T1 and T4/5 isoforms. Finally, we 
examine the role of each isoform in neurodifferentiation using qRT-PCR and 
immunocytochemistry in developing human and mouse neuronal cell lines. We show that 
expression of the major isoforms is increased upon induction of differentiation and reduced in 
mature neurons, but AUTS2 protein is maintained in a focal region in mature neurons, 
suggesting a role for AUTS2 in neuronal maintenance as well as differentiation. Taken together, 
these studies highlight the importance of studying the Auts2 isoforms individually, and further 
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our understanding of the unique expression patterns of these isoforms during neurodevelopment 
and neurodifferentiation.   
	   66 
Introduction:  
The Autism Susceptibility Candidate 2 (Auts2) gene has been identified in recent years as 
a regulator of neurite outgrowth and neuronal migration1, as well as a transcriptional activator of 
neuronally active genes2. This large, complex gene locus gives rise to a number of alternatively 
spliced isoforms, many of which have been individually implicated in different functional roles 
and shown to carry varying phenotypic loads in human disease3. Six isoforms have been 
identified in mouse tissues: a “full-length isoform” including 19 exons, two short isoforms 
containing the first 3-5 exons, and three isoforms with alternate promoters that exclude the first 
5-7 exons but contain the majority of the Auts2 coding sequence. Four of these six isoforms (a 
full-length, an isoform containing only the first five exons, and two isoforms with alternate 
promoters that exclude the first 7 exons) have also been identified in human tissues. While the 5’ 
end of the AUTS2 gene shows a higher than expected load of human-specific single nucleotide 
polymorphisms (SNPs)4, coding sequences are highly conserved among mammals, with 93% 
amino acid (AA) conservation between mouse and human5. 
Sequence analysis suggests the different Auts2 isoforms may carry different functional 
domains, which would confer varying subcellular localization and protein-binding abilities. 
AUTS2 is a relatively large gene, with 1259 AA and 18 exons in human and 1261 AA and 19 
exons in mouse. Sequence analysis identified 2 proline rich domains (PR1 and PR2) as well as 
several nuclear localization sequences (NLS) located near the 5’ end of the gene, which would be 
excluded from the 3’ transcripts. Recently, the PR1 domain was shown to be critical for 
cytoplasmic localization of the Auts2 protein, as well as its role in Rac1 activation, discussed 
below6.  
Additionally, a PY motif, a putative WW-domain binding region present in the activation 
domains of many transcription factors, is contained within the early exons of the Auts2 gene, 
suggesting Auts2 may play a role in transcriptional regulation7. This potential role in 
transcription was further elucidated when mouse Auts2 protein was shown to complex with 
Polycomb repressive complex 1 (PRC1), leading to the recruitment of casein kinase 2 (CK2) and 
activation of p300, a known coactivator of transcription2. This recruitment resulted in activation 
of neuronally active genes, in opposition to the canonical role of PRC1 as a transcription 
repressor2. This study suggests Auts2 regulates transcription via its role in PRC1.  
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The presence of NLS in the full-length Auts2 isoform as well as the localization of 
AUTS2 to the nuclei of human and mouse neurons support its role in nucleus-specific functions8; 
however, Auts2 has also been localized to the cell bodies of mature and differentiating neurons6, 
suggesting a dual, perhaps isoform-specific, function for the Auts2 gene. Recent studies showed 
cytoplasmic Auts2 localizes to growth cones in developing cells, and suggest a role for Auts2 as 
a regulator of neuritogenesis and neuronal migration. Auts2 is critical for appropriate migration 
of the developing neurons of the cerebral cortex, and Auts2-deficient cells have increased 
numbers of filopodia and decreased lamellipodia, demonstrating a role for Auts2 in regulation of 
neuronal migration and dendrite formation. Auts2 achieves this regulation via activation of Rac1 
and downregulation of Cdc42 in developing neurons, and Rac1 activation appears to be 
dependent on the presence of cytoplasmic Auts26. Taken together, these studies suggest 
differential roles for Auts2 during neurodevelopment, roles that may be carried out by distinct 
Auts2 isoforms.  
 Until recently, expression analysis of Auts2 used primers and antibodies designed to 
detect all major isoforms as a single entity. In the developing mouse brain, Auts2 is expressed 
highest during late embryonic development, with expression levels peaking between embryonic 
day 14 (E14) and E168. Throughout development, it is expressed in nearly every brain region but 
at varying times, with highest expression in the frontal cortex, hippocampus, and cerebellum, and 
additional high expression levels in the developing thalamus, olfactory bulb, inferior colliculus, 
and substantia nigra. In adults, expression of Auts2 is maintained in a few cell types, including 
Purkinje cells (PCs) of the cerebellum and the granule cells of the hippocampal dentate gyrus8. 
Zebrafish with reduced AUTS2 expression display several neuronal phenotypes, including 
microcephaly, reduction in the number of neurons, and reduced motor activity3, suggesting 
Auts2 is important for neuronal survival in that species. Mice with neuronal-specific knockdown 
of the longest Auts2 isoform also show several neuronal phenotypes, including abnormal 
vocalization and righting reflexes in pups2, and global knockouts die perinatally, with abnormal 
cortical layering and aberrant outgrowth and branching of neuronal processes.     
 Analysis of AUTS2 mutations in humans suggests differential importance for the AUTS2 
isoforms in neurodevelopment. Humans with translocations, inversions, and copy-number 
variations (CNVs) in the AUTS2 locus display a number of related neurological phenotypes, 
including autism, intellectual disability, epilepsy, Attention Deficit Hyperactive Disorder, and 
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dyslexia5,9,10 When AUTS2 mutations are separated into those which disrupt the gene’s highly 
conserved C-terminus and those which only affect the variable, rapidly evolving N-terminus, 
those affecting the C-terminus result in a consistently higher severity score when all phenotypes 
are taken into account5. This suggests the C-terminus, and the isoforms that contain its sequence, 
are more critical for neurodevelopment and brain function than the N-terminus, implying a less 
significant role for the small isoforms that contain only exons 1-5. 
 Both human and animal studies support the possibility of differential roles and regulation 
for the various Auts2 isoforms. With two distinct roles for Auts2 identified, one as a nuclear 
transcription activator, and one as a cytoskeleton-associated regulator of neurite outgrowth, it is 
critical to understand the differential expression patterns and function of the Auts2 isoforms 
during neurodevelopment and neurodifferentiation. Here, we present evidence that the Auts2 
isoforms are differentially expressed during neurodevelopment, with expression patterns varying 
across brain regions and throughout development. We additionally show that Auts2 isoforms are 
differentially expressed during neurodifferentiation in cultured cells, suggesting they have 
variable regulation and function in vivo and in vitro.   
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Results:  
The Auts2 Gene Has Five Distinct Isoforms in Mouse 
 The UCSC Mouse Genome Browser (https://genome.ucsc.edu/) and the current 
GENCODE annotation11 report five distinct isoforms of Auts2 present in mouse: a full-length 
product (T1, Fig. 3.1), two 5’ products which truncate early (T2 and T3), and two 3’ products 
with alternative promoters that contain the bulk of the Auts2 coding sequence and lack only the 
first few exons (T4 and T5). Three of these isoforms, T1, T2, and T5, have been detected in 
human tissues as well. Additionally, a novel transcript with a transcription start site in exon 9 has 
been identified in human5 and mouse6 brain tissue, which excludes the first 1-2 exons from 
annotated 3’ products T4 and T5, but otherwise encodes a nearly identical protein (Fig. 3.2). This 
transcript, called variant 2, is expressed as two internal splicing variants, one which includes 
seven alternative AAs on the 3’ end of exon 9 (referred to henceforth as variant 2+), and one of 
which excludes them (referred to as variant 2-) (alternatively included AAs are shown in red in 
Fig. 3.2)5. We first designed real-time PCR (RT-PCR) primers unique to the major Auts2 
isoforms (Table 3.1, Fig. 3.2). Isoforms T2 and T3 each contain unique 3’ UTR sequence, and 
T4 contains unique 5’ UTR sequence, so primers were designed within these regions to detect 
each isoforms. To amplify the full-length isoform (T1), primers were designed to span intron 5, 
which is unique to this isoform. T5 contains a unique 21-nucleotide sequence on its second exon, 
and a primer was designed to amplify within this unique region. The T5 primer set is expected to 
amplify variant 2+ in addition to T5, but because of the sequence similarity between isoforms 
T4, T5, variant 2+, and variant 2-, it is not possible to fully separate these isoforms for 
quantitative RT-PCR (qRT-PCR) analysis. For this reason, we included T5 and variant 2+ as a 
single entity in our analysis.  
We first confirmed that each primer set produced a single PCR product, and confirmed 
the identity of each isoform with DNA sequencing. Primers T1-T4 each produced a single band 
on an agarose gel and a single sequenced product across all tissues and time points tested (Fig. 
3A). T5, however, produced a single gel band in some tissues, and a double gel band in others 
(Fig. 3.3B). This was unexpected, since T5 and variant 2+ should produce bands of identical size 
according to our primer design (Fig. 3.2). We sequenced each band separately and determined 
that the larger band reflected the T5 sequence as reported in the UCSC database, whereas the 
smaller band reflected T5 with its third exon spliced out (Fig. 3.2). The existence of this variant 
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is supported by mouse expressed sequence tags (ESTs) according to the UCSC database. 
Because these two splicing variants of T5 could not be distinguished by qRT-PCR, they were 
analyzed together. As such, in the following analysis, the T5 primer results represent the analysis 
of both T5 splicing isoforms, as well as variant 2+, together, and will simply be referred to as T5. 
Variant 2- is not expected to be amplified using any of our primer sets, and as such is not 
included in our analysis. 
 
Expression of Auts2 Isoforms During Neurodevelopment 
 Our goal was to characterize the expression patterns of the Auts2 isoforms during 
neurodevelopment in the mouse brain. We began by analyzing presence or absence of each 
isoform throughout development using a prelimary analysis with simple reverse transcript PCR 
(RT-PCR). We determined that T1, T4, and T5 are present in the brain at all times and tissues 
tested (embryonic day 12 (E12) through postnatal day 28 (P28)). T2 and T3, however, were 
present at all prenatal time points, but absent in various times and tissues postnatally (not 
shown). These data were further confirmed and extended by qRT-PCR analysis of Auts2 
expression, as discussed below. 
 We first noted that the two truncated isoforms, T2 and T3, were consistently expressed at 
levels too low to be reliably quantified. For this reason, they were excluded from further 
analysis. Using a primer set common to the more abundant Auts2 isoforms, we confirmed 
previous reports6,8, that the overall Auts2 expression levels begin to rise during late embryonic 
development, with expression levels peaking between E14 and E16, and then falling rapidly (Fig. 
3.4A). Interestingly, we found that overall Auts2 expression peaks in hindbrain at E14, but does 
not peak in forebrain until E16, a time when the cerebral cortex is undergoing rapid 
differentiation and ongoing stratification of the cortical layers. 
 During embryonic development, transcript isoforms T1 and T4 were consistently 
expressed at high levels compared to T5 in every brain region, with values of these two isoforms 
ranging from 50-200% higher than T5. As Auts2 overall expression began to fall, from P0 
onward, this relationship was initially maintained.  However, in later postnatal stages the ratio of 
isoforms began to change, with T5 expression levels increasing over time. In particular, T5 
expression increased in the postnatal cerebellum with respect to T1 and T4. This change could 
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already be seen at P3, and by P8, expression levels of the three isoforms were approximately 
equal.  
The cerebellum is one of the few brain regions whose development occurs primarily 
postnatally. Between P3 and P14, granule cells migrate from the external granule layer to the 
internal granule layer, which becomes the granule cell layer of the mature cerebellum12. 
Meanwhile, immature PCs line up in a monolayer between P0 and P5, and during the first 
postnatal week, PCs form their first synaptic connections to the climbing and granule cell 
parallel fibers13. It is interesting to note that at this time of PC maturation, the T5 isoform was 
increased, suggesting a particularly important role for this isoform in maturation and dendrite 
formation of these cells. This equal expression pattern between the three major isoforms was 
maintained in the cerebellum at P14, when PCs have nearly completed dendritic development. 
However, in adulthood, once again T1 became the dominant isoform, with levels much higher 
than those of T4 or T5. These results suggest T1 is the most critical isoform in fully 
differentiated cells.  
 In brain regions other than cerebellum, the expression ratio among isoforms also 
changed during late development. By P21, T4 levels had fallen within the telencephalon, 
including the cortex and hippocampus, with T1 as the only isoform expressed at significant 
levels in these regions from P21 onward (Fig. 3.4B). In adulthood, this relationship between the 
isoforms was maintained in both frontal and parietal cortex. In diencephalon, expression of all 
three isoforms dropped steeply from P0 to P3, and remained low throughout late 
neurodevelopment. In adult diencephalon, the T1 isoform was present at high levels compared to 
T4 and T5, which remain low.   
 
In situ hybridization provides additional clues to isoform expression 
In order to examine cellular localization of the primary Auts2 isoforms during 
neurodevelopment, we designed probes for in situ hybridization (ISH) to examine full-length 
Auts2 expression (T1) independent of the isoforms initiating from 3’-located alternative 
promoters (Fig. 3.2). This probe, henceforth called probe 2, is expected to detect T1, T2, and T3; 
because of the extremely low expression levels of T2 and T3, we expect that this probe primarily 
shows expression of the full length isoform, T1. We also designed a probe within the final exon 
and 3’UTR of the full-length isoform, which is expected to detect T1, T4, and T5; henceforth 
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this marker we will refer to this marker as probe 1. We detected overlapping expression patterns 
in all tissues and time points analyzed, as was expected. 
 Interestingly, we saw distinct subcellular expression patterns of RNA detected with 
probes 1 and 2 throughout the brain. Curiously, RNA detected with probe 2 hybridized primarily 
to the nucleus, in a punctate pattern with one to three focal points of expression per cell (Fig. 3.5-
8). Probe 2 also detected a lower level of expression throughout the neuron cell bodies. This 
pattern was confirmed using a second probe specific for T1, T2 and T3 designed within exons 1 
and 2 (data not shown). In contrast, probe 1, which detects T1, T4 and T5, hybridized to both 
nucleus and cell body in positive neurons, in a diffuse pattern throughout both regions (Fig. 3.5-
8). Using these two probes, we examined Auts2 expression throughout embryonic and postnatal 
development. 
 In the cortex, Auts2 expression was highest during embryonic development. At E14, both 
probe 1 and 2 localized throughout the cortex in all cortical layers, including the cortical plate 
(CP), intermediate zone (IZ), and ventricular zone (VZ), with modest levels of expression of all 
isoforms (Fig. 3.5A,D). By E16, expression of T4 and T5 had increased substantially in the CP, 
with expression in the IZ remaining low (Fig. 3.5B,E), as evidenced by increased signal from 
probe 1 without a corresponding increase in signal from probe 2. This suggests expression of T1, 
T2, and T3 remained relatively constant during these stages throughout embryogenesis, whereas 
expression of the short isoforms, T4 and T5, was upregulated. At this stage, probe 1 was strongly 
hybridized to regions of the cell body and neurite processes in addition to diffusely throughout 
the cell nucleus, whereas probe 2 was seen predominantly in a punctate pattern throughout the 
nucleus. This pattern was consistent in all regions of cortical expression, including the CP, which 
was strongly positive for probe 1, with reduced signal for probe 2, as well as the IZ and VZ, both 
of which showed moderate expression levels of all measured isoforms (Fig. 3.5B,E).  
By P0, expression of all isoforms had decreased, and expression remained highest in the 
rostral regions of the cortex, including the frontal cortex (Fig. 3.5C,F). The subcellular 
localization pattern seen at E16 was maintained in P0 animals (Fig. 3.5I,J), with probe 1 showing 
strong expression in the CP, particularly layers IV-VI of the developing cortex (Fig. 3.5C), and 
probe 2 showing low to moderate expression in the same regions (Fig. 3.5F). Interestingly, the 
subcellular localization pattern seen at E16 and P0 was not seen at earlier embryological stages. 
Instead, at E14, both probes were seen to hybridize primarily to RNA within the nucleus, with 
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probe 1 displaying a similar punctate pattern to that seen with probe 2, but slightly more diffuse 
(Fig. 3.5G,H). 
 In the cerebellum, both probes 1 and 2 produced the strongest signals during early 
development, with signal decreasing from birth to adulthood. At E16, probe 1 signal was high in 
the developing Purkinje cell layer (PL) and developing white matter (WM) (Fig. 3.6A), whereas 
probe 2 signal remained low (Fig. 3.6D), suggesting the T4 and T5 isoforms are responsible for 
this increased expression. By P0, expression of T4 and T5 in the PL had begun to drop (Fig. 
3.5B), but T1 expression in the PL had increased (Fig. 3.6E). In contrast, expression of T4 and 
T5 in the WM remained high. As cerebellum development continued, expression of all isoforms 
was increasingly confined to the PCs (Fig. 3.6C,F), with probe 1 showing high levels within the 
PC body, and probe 2 again showing a punctate pattern within the nucleus. 
 We also examined expression in the developing hippocampus. At E16, all isoforms were 
expressed at low levels in the developing CA fields and dentate gyrus (DG), as well as within the 
dentate migratory stream, a region containing immature granule cells and their precursors (Fig. 
3.7A,D). By P0, signal from both probes had risen sharply, particularly within the CA fields 
(Fig. 3.7B,E). As the hippocampus matured, T4 and T5 expression continued within the CA 
fields as well as the DG (Fig. 3.7C), but T1 expression was increasingly restricted to the granule 
and subgranule zones of the DG (Fig. 3.7F). Within the DG, probe 1 was again seen in the cell 
bodies at high levels, whereas probe 2 was primarily located in a punctate pattern within the 
nucleus (Fig. 3.7G,H). 
 Finally, we examined the expression of the Auts2 isoforms within the developing 
olfactory bulb, a region that continues neurogenesis throughout adulthood 14 and is known to 
express Auts2 throughout development, persisting into adulthood 8. At P0, probe 1 had high 
levels of expression in the mitral cells (MC) of the olfactory bulb, with lower levels in the 
periglomerular cells (PGC) and the granule cells (GC), and expression was seen in the cell 
nucleus as well as cytoplasm (Fig. 3.8A,B). Probe 2 was detected within these three layers as 
well, but with highest levels in the GC layer, with nuclear and cytoplasmic expression in these 
cells (Fig. 3.8D,E). By P14, expression of probe 2 as reduced to nearly undetectable levels, 
whereas probe 1 was still seen within all three layers, with highest expression in the MC layer 
(Fig. 3.8C,F). 
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Role of Auts2 Isoforms During Neurodifferentiation 
 We used two cell lines, a mouse neuroblastoma line (Neuro-2A) and human 
neuroblastoma line (SH-SY5Y) to examine the expression patterns of the Auts2 isoforms during 
differentiation of both mouse and human neuronal cells. Both cell lines can be maintained in a 
neuronal stem cell-like state, and induced to differentiate into neuronal-like cells, with mature 
axonal and dendritic processes. Using the AUTS2 antibody, which detects isoforms T1, T4, and 
T5, we determined that both Neuro-2A and SH-SY5Y cells displayed a similar expression 
pattern during differentiation, with undifferentiated cells expressing low levels of AUTS2 (Fig. 
3.9). When cells were induced to differentiate, AUTS2 expression increased, with both cell lines 
showing increased expression in the cell body, lateralized to the base of the extending axon or 
dendrite. In Neuro-2A, this expression pattern was particularly distinct, with AUTS2 forming a 
single bright signal at the base of the process, whereas in SH-SY5Y this pattern was more 
punctate. In both cell lines, expression dropped in differentiated cells, with a low level of 
expression remaining on one side of the nucleus. These findings suggest that Auts2 is important 
primarily for processes ongoing during differentiation, such as neurite outgrowth and axon 
elongation, but may play a role in maintaining these processes after differentiation is complete. 
This data complements recent findings from Hori, et al.6, who showed that Auts2 is present in 
the nuclei growth cones of primary hippocampal neurons.  
  Additionally, we used qRT-PCR to quantify the expression levels of all 5 Auts2 isoforms 
during differentiation (Fig. 3.10). This data first confirmed that T3 and T4, which have not been 
reported to be expressed in human tissues, are not expressed in SH-SY5Y. T2 was detected in 
SH-SY5Y by RT-PCR, but levels were too low to quantify by qRT-PCR. We also determined 
that while T1 and T5 are the dominant isoforms expressed in SH-SY5Y, T1 was expressed at 
relatively low levels in Neuro-2A compared to T4 and T5.  Based on data from mouse 
developmental qRT-PCR analysis showing that T1 is expressed at a high level during the time in 
which neuronal precursor cells are differentiating and migrating, we believe this low level of T1 
expression in differentiating Neuro-2A cells reflects an expression anomaly in this cell line. 
Since Neuro-2A is derived from cancer cells, expression of specific isoforms may vary from that 
seen animal tissues. Alternatively, these human and mouse neuroblastoma cells may have been 
immortalized in different states of neural commitment, and the differences between them may 
not reflect a true species-relevant physiological change.  
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However, in both cell lines, the dominant isoforms reflected the patterns seen with 
immunocytochemistry, increasing during differentiation, and decreasing in mature cells, 
indicating overall Auts2 expression patterns in cell lines mimic those seen in the developing 
mouse brain. T4 was predominantly responsible for this change in Neuro-2A, whereas T1 and T5 
were both responsible in SH-SY5Y. These findings may suggest that different isoforms may 
dominate in mouse and human cells during neurodifferentiation, a finding that can be validated 
in future studies using additional systems such as cultured primary neurons. Our results further 
demonstrate that T2 and T3 are expressed at low levels in both mouse neuronal tissues and in 
vitro cell assays. 
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Discussion:  
 Evidence from animal studies and human mutation analysis suggests the Auts2 isoforms 
may be differentially regulated, differentially expressed, and of variable significance in human 
disease. This study provides the first comprehensive analysis of Auts2 isoform expression during 
both neurodevelopment (in vivo) and neurodifferentiation (in vitro), and builds on the previous 
work of Bedogni and colleagues8, who published the first in depth analysis of Auts2 expression 
during mouse development, and more recently, Hori and co-authors, who have published the first 
functional studies implicating differentially localized Auts2 proteins in different cellular 
functions6. Bedogni et al. demonstrated the diverse patterns of Auts2 expression across the 
developing brain, using in situ hybridization probes and antibodies that could not distinguish 
between isoforms.   These studies provided the first indication that Auts2 expresses protein 
isoforms with both cytoplasmic and nuclear localization. Using mice that carried targeted 
mutations in Auts2, Hori and colleagues further demonstrated that cytoplasmic Auts2 is 
responsible for activation of Rac1 and induction of lamellipodia, and that cytoplasmic Auts2 is 
sufficient to rescue neuronal migration defects, suggesting nuclear Auts2 does not play a critical 
role in this process. Additionally, they showed that Auts2 variant 2, which is closely related to T4 
and T5, is not involved in cortical migration, suggesting an alternate, perhaps nuclear, function 
for this isoform. Based on this evidence, we suspected the Auts2 isoforms might be differentially 
expressed during neurodevelopment and neurodifferentiation. Whereas previous expression 
analysis studies have analyzed isoforms T1, T4, and T5 as a single entity8, we analyzed each 
isoform independently to identify differences in expression level, location, and time course 
across development. 
In the developing mouse brain, isoforms T1 and T4 were expressed at approximately 
equal levels prenatally in all regions of the brain, with T5 expressed at relatively lower levels. 
Expression of all three isoforms was shown to rise from E12 to E14, where after each isoform 
declined in different patterns as brain development progressed.  For example, expression levels 
began to fall in the midbrain and hindbrain by E16, but all three isoforms remained at high levels 
in E16 forebrain. During these late prenatal stages, a large number of neurons undergo 
differentiation and migration, and expression timing suggests that T1, T4, and T5 isoforms may 
all play significant roles in these processes. By P0, expression of all three isoforms had fallen 
across all brain regions, but remained constant from P0 to P3. By P8, diencephalon levels had 
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fallen to nearly undetectable levels, but expression in the telencephalon and cerebellum remained 
similar to that seen in P3 animals, with the relationship between the three isoforms beginning to 
change.  
In P8 telencephalon, T4 levels fell, while T1 and T5 remained steady, and in cerebellum, 
T5 levels rose to match that of T1 and T4. At P8, the PCs of the cerebellum are forming their 
first synaptic connections to the parallel fibers of the granule cells, as well as beginning to cull 
all primary dendrites except one, which will differentiate into the mature morphology13. 
Meanwhile, granule cell neuroblasts differentiate in the external granule layer, and migrate 
radially through the molecular and PC layers to settle in the internal granule layer, which will be 
come the granule layer of the cerebellum12. A rise in T5 levels could indicate that this isoform 
plays a critical role in either the migration of granule cells, or the development of PC dendrites. 
As cerebellar development continues, all isoforms remain at equal levels at P14, when PC 
development is nearly complete.  
In adult brain, T1 becomes the dominant isoform across all regions studied, with T4 and 
T5 falling to very low levels in the cerebellum, cortex, and hippocampus. This suggests T1, the 
full-length isoform, may be the isoform responsible for playing a role in cell maintenance in the 
cerebellum and cortex. In the hippocampus and olfactory bulb, however, T1 may be playing a 
role in neurogenesis, a process which is critical for learning and memory15 and which relies upon 
similar pathways to those utilized in embryonic neurogenesis16. Because of Auts2’s role in 
neurite outgrowth, Auts2 T1 expression may serve to regulate the dendritic development of these 
cells, similar to its role during embryogenesis.  
Additionally, we saw a distinct subcellular localization pattern of the Auts2 isoforms, 
with T1/2/3 appearing in a punctate pattern within the nucleus in most regions and time points 
studied, with lower expression in the cell body. The nuclear retention of RNA detected by probe 
1 was consistently observed throughout development, although this probe was seen to localize to 
the cell body cytoplasm at higher levels in the developing cerebellum at P0.  This pattern, which 
was observed in ISH experiments with two independent probes, most likely reflects the location 
of long isoform T1, since T2 and T3 are expressed at ten-fold lower levels (Fig. 3.5-8).   
Nuclear retention of RNAs is typically reserved for non-coding RNAs (ncRNAs) or 
aberrantly transcribed RNAs that are targeted for degradation17. However, previous studies have 
shown that T1 produces a mature protein in the brain throughout development2,6. This suggests 
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that rather than nuclear retention for the purposes of RNA degradation, T1 may be maintained in 
the nucleus to allow for rapid translation of the Auts2 protein upon some environmental signal or 
cellular need. This mechanism of nuclear retention for rapid translation has been reported for 
other mRNAs including mouse cationic amino acid transporter 2 (mCAT2)18. One mCAT2 RNA 
transcript, called CTN-RNA, is maintained in the nucleus and localized to paraspeckles, a 
subnuclear domain that is involved in RNA retention and RNA editing19, while the second 
transcript is exported to the cytoplasm. Upon stress, mCAT2 CTN-RNA is rapidly 
posttranscriptionally cleaved and exported to the cytoplasm, where it is then translated into the 
MCAT2 protein. This nuclear retention is achieved by the presence of multiple promoters that 
encode unique mCAT2 transcripts with longer or shorter 3’ UTRs; the longer 3’UTR triggers 
nuclear retention via its inclusion of a number of hyper-edited inverted repeat Alu elements 
(IRAlus). While mCAT2 CTN-RNA has a low turnover rate and high stability, the exported 
mCAT2 RNA is rapidly translated, resulting in a low basal level of mCAT2 RNA in the 
cytoplasm, along with moderate levels of mCAT2 protein18.  
Since the initial discovery of this nuclear retention mechanism, nearly 300 human genes 
have been discovered with hyper-edited IRAlus in their 3’ UTRs, suggesting this may be a 
common mechanism of translational control via nuclear retention20. A similar mechanism of 
coordinated control of RNA translation was found to control msl-2 RNA expression21. In the 
case of this gene, RNA-binding complexes were shown to bind to the 5’ and 3’ UTRs of the 
gene, preventing nuclear export. Based on these precedents and the distinct nuclear localization 
of RNA in the nucleus during most developmental time points and in most brain regions, we 
hypothesize that Auts2 T1 mRNA may be retained in the nucleus by a similar mechanism. The 
presence of multiple potential alternative 3’ UTRs for T1, as predicted by Ensembl and available 
EST sequences, suggests that unique 3’ UTRs could play a role in nuclear retention of this 
transcript.  
Functional studies will be necessary to further understand this unique localization pattern, 
yet recent studies offer some tantalizing clues as to what role nuclear retention of the T1 mRNA 
might play. Hori and colleagues demonstrated that the full-length Auts2 protein localizes to the 
cytoplasm, and activates the Rac1 pathway to regulate neurite outgrowth as well as neuronal 
migration6. We hypothesize that the full-length Auts2 protein is translated from two RNA 
transcripts with identical open reading frames but variable UTRs, resulting in nuclear export of 
	   79 
one transcript, which is then rapidly translated into Auts2 protein, leading to low levels of 
cytoplasmic mRNA, as seen in our ISH studies, and high levels of protein, as seen in Western 
Blot studies6. The second transcript is retained in the nucleus, and is exported in response to 
physiological need. Based on this isoform’s role in neurite outgrowth, T1 mRNA nuclear export 
could occur in response to new dendrite formation, in newly differentiated cells in the 
developing brain, or during adult neurogenesis. Trafficking of RNA to dendrites for translation is 
central to the formation of new processes and synaptic plasticity22, and the Auts2 protein 
localizes to the growth cones of developing hippocampal neurons6, suggesting T1 mRNA may be 
held in the nucleus in anticipation of export and rapid translation at the growth cone.  
In addition, we examined expression of the Auts2 isoforms in differentiating mouse 
(Neuro-2A) and human (SH-SY5Y) neuroblastoma cells. Overall, expression within these cell 
lines reflected the same pattern seen in vivo, with undifferentiated cells expressing low levels of 
AUTS2, and expression increasing during differentiation, before falling in mature cells. Perhaps 
interestingly, we observed a different expression pattern in mouse compared to human cells, with 
T1 expression at very low levels in Neuro-2A compared to the other Auts2 isoforms, and T1 
expression at high levels in SH-SY5Y compared to the other isoforms. T4 and T5 were 
expressed at high levels in mouse cells, and T5 at high levels in human cells.  
As far as we can discern, T4 is a mouse-specific isoform and was not detected in human 
cells. The remaining isoforms, T2 (in mouse and human) and T3 (in mouse only) were detected 
at very low levels, and in the case of T2 in SH-SY5Y, were too low to quantify accurately. This 
reflected the pattern we saw in mouse tissue, with T2 and T3 expressed at low, nearly 
undetectable levels in all tissues and cells examined. This data, combined with human studies 
showing the N-terminus of AUTS2 carries a low phenotypic load 5, suggest these isoforms are of 
limited importance for human neurological disease.   
 Finally, AUTS2 expression analysis in differentiating cells revealed an interesting pattern 
of expression in differentiating and mature neurons. AUTS2 expression was prominent at the 
hillock of the extending axon in differentiating cells, but lower levels of AUTS2 expression were 
maintained in soma of mature neurons, lateralized to one side of the nucleus, oriented toward the 
axon hillock. This finding supports Auts2’s putative role in neuritogenesis, but suggests the gene 
also plays a role in maintenance of some neuron types. 
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Our data builds on evidence presented by Hori et al. and Bedogni et al.6,8 demonstrating 
that Auts2 is expressed in varying cell types, brain regions, and time points during development, 
and that different Auts2 proteins have different functional roles. We offer the first analysis of 
isoform-specific expression patterns during development, and show that the Auts2 isoforms have 
variable expression patterns in developing mouse brain, as well as variable subcellular 
localization. Future functional studies will be necessary to understand the significance of this 
variation, but our work lays the groundwork for understanding the variable role these isoforms 
play in neurodevelopment and neurological disease.  
  
	   81 
Materials and Methods:  
Animals and Tissue Collection. Wild-type C57BL/6J mice were obtained from Jackson 
Laboratories and maintained as a breeding colony. Animals were housed under standard 
conditions (12h light/dark cycle, group-housed). This study was carried out in strict accordance 
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health. The protocol was approved by the Institutional Animal Care and 
Use Committee of the University of Illinois (Animal Assurance Number: A3118-01; approved 
IACUC protocol number 14010). Timed pregnant embryos were identified by vaginal plugs, and 
embryonic stage was confirmed using Theiler stage identification markers. Animals were killed 
by cervical dislocation (adults) or decapitation (pups).  
Quantitative RT-PCR. RNA was prepared from snap frozen tissues and purified using 
Trizol (Invitrogen) extraction.  cDNA was then prepared using a total of 1ug RNA in a 20µl 
reaction with random primers and SuperScript III reverse transcriptase (Invitrogen).  Quantitative 
PCR (qPCR) was then carried out using real-time primers designed for the specific Auts2 
transcripts of interest (see Table 2.1), as well as commercial primers for the detection of whole 
Auts2 expression (QuantiTect Primer Assays Mm_Auts2_1_SG, Qiagen).  Real-time primers 
were used for the detection of 18S ribosomal RNA (Rn18s) as a control primer set, as well as 
commercial primers for hydroxymethylbilane synthase (QuantiTect Primer Assay 
Mm_Hmbs_1_SG, Qiagen).  Each reaction contained a total of 60ng cDNA, 1ul of each primer 
(at 10uM) and Power SYBR Green PCR Master Mix (Applied Biosystems, Inc.) in a final 
volume of 20ul.  Reactions were run on an ABI 7900 thermocycler for 40cycles with an 
annealing temperature of 60°C.  PCR products were verified by gel. Expression values were 
normalized relative to the Rn18s and Hmbs1 control in each sample and compared using the 
method described by Livak and Schmittgen23. 
In situ hybridization. Animals were perfused with fresh 4% paraformaldehyde under 
isoflurane anesthesia. Tissues were collected and embedded in paraffin. Tissues were cut into 5 
µm sections using a Leica RM2155 microtome and Super Plus charged slides. Probes were 
generated by RT-PCR from mouse embryonic cDNA samples using primer sets described in 
Table 2.1, and PCR fragments were cloned into the pCRTM2.1-TOPO® vector (Invitrogen) and 
sequence-validated before being used for ISH. Validated probes were labelled with digoxygenin 
(DIG)-UTP according to manufacturer’s instructions (Roche DIG RNA Labelling Kit).  Slides 
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were pretreated and hybridizations performed as previously described24. Sections were mounted 
using Vectashield Mounting Medium with DAPI. Fluorescent images were reviewed using an 
Olympus BX60 microscope and captured by an Olympus CC-12 digital camera. 
Cell culture. Neuro-2A (ATCC® CCL-131™) and SH-SY5Y (ATCC® CCL-131™) were 
cultured and maintained as recommended by ATCC. Neuro-2A cells were grown on poly-l-
lysine coated coverslips prior to differentiation and induced to differentiate at 25-35% 
confluence by replacing growth media with media containing 2% fetal bovine serum (FBS) and 
20 uM retinoic acid.  Media was replaced every 24 hours until differentiation was complete (48-
60 h). SH-SY5Y cells were grown on poly-l-ornithine and laminin coated coverslips prior to 
differentiation and induced to differentiate at 50-60% confluence by replacing growth media 
with media containing 10% FBS and 10 uM retinoic acid. Media was replaced every 2-3 days 
until differentiation was complete (6-10 days). On the fifth day, 50 ng/mL BDNF was added to 
the media to maintain division. Cells were fixed using fresh 4% paraformaldehyde for 30 
minutes at 37°C and 100% methanol for 10 minutes at room temperature, and stored in PBS. 
Cells for qRT-PCR were collected in 5 mL Trizol (Invitrogen) and stored at -20°C.  
Immunocytochemistry. Cells were washed with PBS and incubated in a preblocking 
solution (2% goat serum, 1% BSA, 0.1% Triton-X, 0.05% Tween, 0.05% NaN3, 0.1% fish 
gelatin) for 30 minutes, followed by primary antibody incubation (Auts2, Sigma-Aldrich, 
HPA000390) at 1:200 overnight at 4°C. Alexa Fluor goat anti-rabbit (Molecular Probes, 
Invitrogen) was used as secondary antibody at a 1:200 dilution for 1 hour at room temperature. 
Coverslips were mounted onto Super Plus charged slides using Vectashield Mounting Medium 
with DAPI.  Fluorescent images were reviewed using an Olympus BX60 microscope and 
captured by an Olympus CC-12 digital camera. 
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Figure 3.1. Snapshot from the UCSC Genome Browser showing the Auts2 gene. Auts2 isoforms 
are labeled as T1, T2, T3, T4, and T5, respectively. Black arrowheads point to exons that encode 
nuclear localization signals in isoforms T1, T2, and T3; an asterisk marks the location of the 
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Figure 3.2. Reported isoforms and splicing variants of the mouse Auts2 gene. Exons are shown 
as vertical black bars, and introns as horizontal black lines. Splicing junctions are connected by 
gray lines. Locations of probes 1 and 2 are shown as blue bars. T1, T2, T3, T4, and T5 represent 
Auts2 isoforms annotated in the UCSC Genome Browser and GENCODE. Seven alternatively 
included amino acids on the 3’ end of exon 9 are shown in red.  Variant 2 (var2) represents an 
alternative transcription start site identified in the middle of exon 9{Beunders:2013do, 
Hori:2014dya}, which produces a product that includes the exon 9 3’ amino acids (var2+) and 
one which excludes them (var2-).  
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Figure 3.3. 1.2% agarose gel showing the bands produced by primers specific to each Auts2 
isoform. Ladder bands correspond to bands of size 1000, 800, 700, 600, 500, 400, 300, 200, and 
100 bp. A: Primers designed for isoforms T1, T2, T3, and T4 each produce a single band, distinct 
from primer dimers produced with a no template control (in adjacent lanes). B: Primers designed 
for isoform T5 produce a single band in some tissues (lane 1) and a double band in other tissues 
(lanes 2 and 3), with the smaller band corresponding to T5 with exon 2 spliced out.  
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Figure 3.4. qRT-PCR Expression Levels of Auts2 Isoforms. Relative levels of Auts2 transcripts 
T1, T4, and T5 in developing prenatal (A) and postnatal (B) brain. qRT-PCR analysis of cDNA 
prepared from dissected WT tissues shows T1 and T4 are the dominant isoforms in prenatal 
brain. Standard error bars for each calculation are shown. 
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Figure 3.5. In situ hybridization in the developing cortex. A, B, C, G, I: Probe 1, showing 
location of T1, T4, and T5 mRNA. D, E, F, H, J: Probe 2, showing location of T1, T2, and T3 
mRNA. CP: cortical plate, IZ: intermediate zone, VZ: ventricular zone. Boxes in A, C, D, and F 
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Figure 3.6. In situ hybridization in developing cerebellum. A, B, C: Probe 1, showing location of 
T1, T4, and T5 mRNA. D, E, F: Probe 2, showing location of T1, T2, and T3 mRNA. WM: 
white matter, PL: Purkinje layer.  
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Figure 3.7. In situ hybridization in developing hippocampus. A, B, C, G: Probe 1, showing 
location of T1, T4, and T5 mRNA. D, E, F, H: Probe 2, showing location of T1, T2, and T3 
mRNA. CA: CA fields. DG: dentate gyrus. Boxes in C and F correspond to high-magnification 
views in G and H, respectively.  
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Figure 3.8. In situ hybridization in developing olfactory bulb. A, B, C: Probe 1, showing location 
of T1, T4, and T5 mRNA. D, E, F: Probe 2, showing location of T1, T2, and T3 mRNA. GC: 
granule cell layer, MC: mitral cell layer, PGC: periglomerular cell layer. Boxes in A and D 
correspond to high-magnification views in B and F, respectively.  
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Figure 3.9. AUTS2 protein expression in differentiating Neuro-2A (A-C) and SH-SY5Y (D-I) 
cells. The AUTS2 antibody detects isoforms T1, T4, and T5. AUTS2 expression is low in 
undifferentiated cells (A, D, G) and increases during differentiation (B, 24 hours post-induction; 
E, H, 4 days post-induction). In differentiated cells, AUTS2 expression is reduced to low levels 
of expression on one side of the nucleus (C, 48 hours post-induction; F, I, 8 days post-induction). 
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Figure 3.10. qRT-PCR Expression Levels of Auts2 Isoforms. Relative levels of Auts2 transcripts 
T1, T2, T3, T4, and T5 in Neuro-2A analysed with respect to T4, 0 hours (A, B) and T1 and T5 
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Summary: 
 The primary purpose of this work has been to further the understanding of the role of 
Auts2 in neurodevelopment, and its connections to psychological and neurological disease. To 
this end, we attempt to answer the research questions: What brain regions and cellular 
phenotypes connect Auts2 dysregulation to neurological phenotypes? How does expression of 
the Auts2 isoforms vary during neurodevelopment and neurodifferentiation? 
 We achieved this in part by exploiting a unique in vivo tool, in the form of the 16Gso 
mutation. 16Gso a chemically induced reciprocal translocation that breaks 60 kb downstream of 
the Auts2 gene on chr5, resulting in downregulation of the full-length transcript of Auts2. We 
demonstrated that 16Gso mice recapitulate certain human phenotypes very closely, including 
craniofacial abnormalities, seizures, and behaviors related to autism. We identified two key 
regions of the brain that display cellular abnormalities: the Purkinje cells of the cerebellum and 
the granule cells of the hippocampal dentate gyrus. Additionally, we completed the first isoform-
specific study of Auts2 expression during mouse neurodevelopment, demonstrating regional and 
temporal differences in isoform expression that suggest differential regulation and function. 
Taken together, these studies demonstrate that the 16Gso mouse can serve as a model for 
AUTS2-related disorders in humans, and provide the first links between Auts2 disruption and 
specific neurological phenotypes. 
   
Findings and Implications: 
In this work, we present the first characterization of a mouse with Auts2 dysregulation 
resulting in phenotypes similar to those seen in humans with AUTS2 mutations. Our interest in 
AUTS2 arose based on the discovery of the 16Gso mouse, which was generated in Oak Ridge 
National Laboratories (ORNL) by Dr. Walderico Generoso during studies of mammalian DNA 
mutagens1-3. 16Gso was one of many mutations generated during Dr. Generoso’s studies, and it 
was originally identified as potentially targeting a neurological gene based on the phenotype of 
the 16Gso homozygous mutants. Overtly, these mice showed abnormal responses to handling 
and epileptic seizures. Further studies uncovered a number of other interesting neurological 
phenotypes, and I became interested in characterizing this mouse based on the breakpoint’s 
proximity to two interesting neurodevelopmental genes, Sox1 and Auts2. At the time we began 
studying this mouse, Auts2 had been implicated primarily in autism and other highly comorbid 
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disorders, such as epilepsy and intellectual disability, and based on the development of seizures 
and freezing behavior in Sox1 knockout mice, we suspected our mutation might also affect Sox1. 
However, based on early quantitative RT-PCR analysis and thorough complementation analysis 
with the Sox1 knockout mouse, we ruled out involvement of Sox1 in the behavioral and cellular 
phenotypes seen in 16Gso mice, and turned our attention to Auts2. Our initial studies focused on 
quantitative RT-PCR and immunohistochemistry analysis of adult mutants, and once we 
identified both quantitative and qualitative evidence of disrupted Auts2 expression, Auts2 became 
our primary candidate responsible for the 16Gso phenotype.  
Based on the location of the 16Gso translocation, we present evidence for a long-range 
regulatory architecture controlling the expression of Auts2, including one or more cis-acting 
enhancer elements located at least 60 kb downstream of Auts2. Screens of humans with autism, 
intellectual disability, and other neuropsychiatric conditions have, at this time, excluded 
noncoding mutations from their analysis, both mutations outside the AUTS2 locus and intronic 
mutations. However, in many other diseases, mutations affecting long-range regulatory elements 
have been implicated in disease pathogenesis4. Our studies demonstrate that mutations 
downstream of Auts2 are capable of disrupting expression of the gene in the mouse brain. Given 
the shared synteny in the region around the Auts2 gene in mice and in humans, long-range 
regulatory elements are likely to be conserved between the two species, and the identification of 
this putative enhancer could allow for the future identification of noncoding disease-causing 
mutations affecting the human AUTS2 gene.  
We have additionally showed that disrupted Auts2 expression is associated with changes 
to the hippocampal dentate gyrus and the cerebellum. Specifically, we have demonstrated a loss 
of Purkinje cells in the cerebellums of 16Gso animals that occurs between P14 and adulthood. 
Remaining Purkinje cells are abnormally aligned within the Purkinje cell layer, and have 
abnormal dendritic trees. Additionally, we show the loss of Auts2 expression in the hippocampal 
dentate gyrus, and a resulting decrease in granule cells which are positive for markers of mature 
neurons, suggesting granule cells remain in an immature state. Additionally, the dentate gyrus 
shows abnormal mossy fiber projections from the granule cells to the CA fields. Abnormalities 
in the cerebellum and hippocampus are closely tied to a number of AUTS2-associated 
phenotypes, including autism, epilepsy, and addiction. As well, given Auts2’s role in 
neuritogenesis and neurite outgrowth, dendritic abnormalities are an unsurprising finding in 
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16Gso animals. These data present the first late developmental analysis of cellular changes 
resulting from Auts2 dysregulation, and this suggests future directions for both human and 
animal studies focused on the role of Auts2. In humans with Auts2 mutations, MRI and fMRI 
studies focused on these regions might reveal abnormalities in tissue volume, structure, or 
activation. In animal studies, these regions should be closely studied for pathological changes 
that might include loss of specific cell types, changes in expression profiles of developmental 
markers in remaining cells, and dendritic abnormalities. Additionally, by studying the 
developmental genesis of the hippocampal and cerebellar phenotypes in 16Gso animals in more 
depth, we may gain further insight as to the role of Auts2 in these cell populations. 
We also present the first comprehensive analysis of the expression of the Auts2 isoforms 
during neurodevelopment and neurodifferentiation. First, we show that the full-length isoform 
and first 3’ isoform (T4) are expressed at approximately equal levels throughout embryonic and 
early postnatal development, whereas the second 3’ isoform (T5) is expressed at lower levels. 
This relationship is maintained through the early postnatal period, when it begins to change in a 
region-specific manner. For example, in postnatal cerebellum, all isoforms are expressed at 
nearly equal levels at postnatal day 8 and 14. In adult brain, the expression of all isoforms falls 
except for T1, which remains high in areas positive for Auts2 expression, including the cortex, 
hippocampus, and cerebellum. These variations in expression patterns suggest that the Auts2 
isoforms are differentially regulated, and that the unique functions of the isoforms may be better 
understood by their expression levels during development. For example, the full-length isoform 
appears to be most critical for neuronal maintenance and late postnatal development, based on its 
effects in 16Gso brains and its high expression level in adult brain. Additionally, we show the 
nuclear retention of the full-length Auts2 mRNA, in contrast to the 3’ isoforms, whose mRNA is 
distributed throughout the nucleus and cytoplasm. This unique, punctate nuclear pattern suggests 
the isoform may be retained in nuclear paraspeckles, poised for rapid translation upon cellular 
need. Future studies examining the significance of this mRNA distribution may provide valuable 
insights as to the function of this isoform and its physiological role.  
With these studies as the foundation, we hope that the 16Gso mouse can serve as a model 
to trace the role of Auts2, from its initial dysregulation, to misexpression throughout 
development, to cellular pathologies, and finally, behavioral and neurological phenotypes. No 
existing mouse model recapitulates human phenotypes so thoroughly, and because 16Gso 
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mutants survive to adulthood, the mouse offers us a complete developmental profile of the role 
of the Auts2 gene and its connection to neurological phenotypes.    
 
Limitations and Future Work: 
 While we have ruled out Sox1 involvement in the primary 16Gso phenotypes, both 
behavioral and cellular, it is possible the 16Gso mutation disrupts Sox1, or another nearby gene, 
in addition to Auts2. To this end, we are continuing to test expression levels of Sox1 and 
Wbscr17, as well as that of three neighboring genes, Caln1, Tex29, and Spaca7, to detect any 
abnormal expression throughout development. However, in order to confirm Auts2’s 
involvement in the 16Gso phenotype definitively, we plan to carry out complementation studies 
with Auts2 knockout mice. We are currently working to import these animals in collaboration 
with the laboratory of Dr. Danny Reinburg (NYU), who has agreed to provide the mice.  The 
morphological, behavioral and molecular phenotypes we have observed in 16Gso mice overlap 
with, but are distinct from, global loss-of-function and one isoform-specific knockout allele5. 
These data are consistent with our findings of selective loss-of-function in 16Gso mice; however, 
the 16Gso mutation might also affect expression of neighboring genes. To isolate the role of 
Auts2 loss-of-function, we plan to import an isoform-specific and a global Auts2 knockout allele 
for complementation testing.  16Gso homozygotes, Auts2-/-, and compound heterozygotes will be 
subjected to morphological and behavioral tests as well as a detailed analysis of brain 
histopathology.  
 Additionally, functional studies and further validation will be necessary to fully 
understand the mRNA expression pattern seen with the probe detecting T1, T2, and T3. While 
T2 and T3 are expressed at very low levels in the brain, as seen with qRT-PCR, the possibility 
exists that our probe is detecting the nuclear isolation of these transcripts in addition to T1. The 
in situ hybridization pattern seen with this probe is unusual for a protein-coding gene. While we 
have validated this pattern with two probes designed to hybridize to overlapping, but unique 
regions of the 5’ exons of Auts2, in order to further confirm this finding we plan to carry out 
qRT-PCR and Northern blots with nuclear and cytoplasmic fractions of mRNA. We expect to be 
able to detect high levels of T1, the full-length Auts2 isoform, in the nucleus, and low levels in 
the cytoplasm, in confirmation of this finding.  
 We also plan to use RNA-Seq to better understand the cellular and molecular changes 
occurring in the 16Gso brain. Before we had located and sequenced the 16Gso breakpoint, we 
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conducted a pilot microarray experiment to compare gene expression in whole brains of young 
adult (8 weeks old) 16Gso mutants and wildtype littermates. Genes that were expressed at 
reduced (> 1.5X fold change) levels in 16Gso mutant brains were highly enriched in functions 
related to synapse formation, neuronal projections, cation channel activity, and actin binding; up-
regulated genes were highly enriched for functions related to inflammatory and immune 
response. Intriguingly, these functions overlap significantly with those mis-regulated in brains of 
human ASD patients6.  However, here we should emphasize that, like analysis of RNA from 
diagnosed human patients post mortem, gene expression in 16Gso adults reflects the steady-state 
adjustment to, rather than the causes of, primary brain abnormalities. In addition, important 
regional differences are likely to be masked in whole-brain RNA samples. However, gene 
expression studies completed in isolated cerebellum and hippocampus just before neuron cell 
loss is observed will provide a cleaner view of essential Auts2 activities in those brain regions. 
We have collected dissected hippocampus and cerebellum at postnatal day 10 in 16Gso and 
wildtype animals, and plan to carry out RNA-Seq in these tissues. The goal of these studies will 
be to detect the molecular events that set the stage for neuron loss.    
 
Conclusion: 
 Auts2 is a regulator of neuritogenesis and transcriptional activation, and perturbations of 
this gene produce neuronal migration and neurite outgrowth defects. In humans, AUTS2 
disruption can cause autism, epilepsy, intellectual disability, and craniofacial defects, and AUTS2 
mutations are associated with a number of other psychological and neurological disorders. This 
thesis describes the behavioral, molecular, and cellular characterization of a novel Auts2 mutant, 
the 16Gso mouse, as well as the first neurodevelopmental profile of the individual Auts2 
isoforms. The major conclusions are these studies are: Auts2 dysregulation in 16Gso mice is 
associated with a suite of phenotypes closely related to those seen in humans with AUTS2 
mutations, including craniofacial abnormalities, seizures, changes in alcohol consumption, 
repetitive behaviors, abnormal exploratory behaviors, and abnormal response to novel 
environments. Auts2 dysregulation in 16Gso animals is also associated with a loss of Purkinje 
cells in the cerebellum, and remaining cells display abnormal dendrites and abnormal Purkinje 
cell layering mimicking that of immature cells. Additionally, 16Gso mice show a loss of mature 
hippocampal granule cells, along with abnormal mossy fiber projections from the hippocampal 
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dentate gyrus. Finally, we show that the major Auts2 isoforms are differentially expressed during 
neurodevelopment and neurodifferentiation, and that they show variable subcellular and cellular 
localization patterns. Future work will expand on our understanding of 16Gso cellular 
phenotypes and their developmental origins, as well as functionally test the different roles 
suggested by Auts2 isoform expression experiments. We hope this work will lay the groundwork 
for the utilization of the 16Gso mouse as a tool to better understand Auts2’s cellular connections 
to human disease phenotypes, and the significance of the Auts2 isoforms in neurodevelopment. 
  
	   103 
References: 
1. Generoso WM. Chemical Induction of Dominant Lethals in Female Mice. Genetics. 
1969;61:461-470. 
2. Generoso WM. Evaluation of Chromosome Aberration Effects of Chemicals on Mouse 
Germ Cells. Environmental Health Perspectives. 1973:1-10. 
3. Culiat CT, Carver EA, Walkowicz M, et al. Induced Mouse Chromosomal Rearrangements 
as Tools for Identifying Critical Developmental Genes and Pathways. Reproductive 
Toxicology. 1997;11:345-351. 
4. Epstein DJ. Cis-regulatory mutations in human disease. Briefings in Functional Genomics 
and Proteomics. 2009;8(4):310-316. doi:10.1093/bfgp/elp021. 
5. Gao Z, Lee P, Stafford JM, Schimmelmann von M, Schaefer A, Reinberg D. An AUTS2-
Polycomb complex activates gene expression in the CNS. Nature. 2015;516(7531):349-354. 
doi:10.1038/nature13921. 
6. Voineagu I, Wang X, Johnston P, et al. Transcriptomic analysis of autistic brain reveals 
convergent molecular pathology. Nature. 2012;474(7351):380-384. 
doi:10.1038/nature10110. 
 
